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This book is dedicated to L. N. M. Duysens, a pioneer of Photosynthesis 



During his scientific life, Louis (Lou) Nico Marie 
Duysens quietly contributed some of the most 
seminal ideas in photosynthesis, with still central 
influence over our thinking today. His approach was 
a perfect blend of deep theoretical understanding 
and experimental innovation. Typical of Duysens’ 
early work was his insightful application of Forster 
theory to light harvesting by the accessory pigment 
beds, which firmly established the physics underly- 
ing the function of the photosynthetic unit. Using his 
own state-of-the-art absorption spectrophotometer, 
he discovered the spectroscopic signature of oxida- 
tion and reduction of the photochemical reaction 
center in bacteria. Later, adapting this technique to 
plant (algal) systems, he discovered the alternating 
effects of green and red light on the redox state of 
cytochrome f in red algae, to firmly establish the now 
familiar model of Photosystem I and Photosystem 
II acting in series. These major contributions exem- 
plified Lou Duysens’ philosophy towards technical 
developments. Technology never drove nor limited 
his research, but was harnessed to address specific 
scientific questions and hypotheses. 

With his easy understanding of photochemical 
and photophysical principles, Duysens pioneered 
the use of Chlorophyll fluorescence as a powerful 
probe of photosynthetic function, in all classes of 
photosynthetic organisms, to discover many of the 
essential events of primary energy conversion in 
photosynthesis: excitation energy transfer in the 
light-harvesting antenna and charge separation in the 
reaction center. Over many years, in his laboratory in 
Leiden (The Netherlands ), a multitude of state -of-the 
art fluorescence methods was created, driven by the 



ideas of Lou Duysens. Fundamental concepts that fol- 
lowed from these experiments include the carotenoid 
to (bacterio-)chlorophyll energy transfer in plant 
and bacterial light harvesting systems, the efficient 
energy transfer among a large number of quasi-iden- 
tical chlorophylls to reach the small population of 
reaction centers, the Take model’ of photosynthetic 
unit function, the control of the fluorescence yield 
of Photosystem II by the redox state of the quencher 
Q (now known as Q A ), and chlorophyll excitation 
quenching by carotenoids. These concepts underlie 
the veritable industry of fluorescence-based, non- 
invasive methods now used to study photosynthesis 
in vivo and to analyze plant productivity, from the 
lab bench to satellite monitoring. 

Lou’s understanding of physical principles is im- 
mense and so facile that his colleagues and competi- 
tors struggled to keep up with him. His seemingly 
simple analysis of the thermodynamic limits of pho- 
tosynthetic energy conversion sparked a literature 
that lasted several decades, with each incremental 
advance simply rediscovering what he had said at 
the outset. Indeed, this is still an area that few fully 
comprehend. 

Since Lou’s retirement, many ultrafast spectro- 
scopic techniques have emerged, revealing intricate 
details of function in the photosynthetic apparatus, 
which can be well understood in terms of the fan- 
tastic atomic resolut ion structures of photosynthetic 
pigment-protein structures that are now available. In 
this new era of understanding, it is amazing to see 
how the concepts, developed by Duysens even 50 
years ago, have survived as solid foundations of our 
current models of photosynthetic activity. 
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Editorial 



Advances in Photosynthesis and Respiration 

Volume 19: Chlorophyll a Fluorescence: A Signature of Photosynthesis 



I am delighted to announce the publication, in the 
Advances and Photosynthesis and Respiration 
(AIPH) Series, the first book that focuses on the red 
light that plants, algae and cyanobacteria emit when 
exposed to UV and visible light. This new volume, 
Chlorophyll a Fluorescence: A Signature of Photo- 
synthesis, is edited by George C. Papageorgiou and 
Govindjee. The other two recent Volumes 17 and 18 
(edited by David Day et al. and Hans Lambers and 
Miquel Ribas-Carbo, respectively) deal with several 
aspects of ‘Plant Respiration.’ Volume 19 is a sequel 
to the eighteen volumes in the AIPH series. 



Published Volumes 

1 . Molecular Biology of Cyanobacteria (Donald 
A. Bryant, editor, 1994); 

2. Anoxy genic Photosynthetic Bacteria (Robert E. 
Blankenship, Michael T. Madigan and Carl E. 
Bauer, editors, 1995); 

3. Biophysical Techniques in Photosynthesis (Jan 
Amesz and Arnold J. Hoff, editors, 1996); 

4. Oxygenic Photosynthesis: The Light Reactions 
(Donald R. Ort and Charles F. Yocum, editors, 
1996); 

5. Photosynthesis and the Environment (Neil R. 
Baker, editor, 1996); 

6 . Lipids in Photosynthesis: Structure, Function and 
Genetics (Paul-Andre Siegenthaler and Norio 
Murata, editors, 1998); 

7. The Molecular Biology of Chloroplasts and 
Mitochondria in Chlamydomonas (Jean David 
Rochaix, Michel Goldschmidt-Clermont and 
Sabeeha Merchant, editors, 1998); 

8. The Photochemistry of Carotenoids (Harry A. 
Frank, Andrew J. Young, George Britton and 
Richard J. Cogdell, editors, 1999); 

9. Photosynthesis: Physiology and Metabolism 
(Richard C. Leegood, Thomas D. Sharkey and 
Susanne von Caemmerer, editors, 2000); 



10. Photosynthesis : Photobiochemistry and Photo- 
biophysics (Bacon Ke, author, 2001); 

1 1 . Regulation of Photosynthesis (Eva-Mari Aro and 
Bertil Andersson, editors, 2001); 

12. Photosynthetic Nitrogen Assimilation and As- 
sociated Carbon and Respiratory Metabolism 
(Christine Foyer and Graham Noctor, editors, 
2002 ); 

1 3 . Light Harvesting Antennas (Beverley Green and 
William Parson, editors, 2003); 

14. Photosynthesis in Algae (Anthony Larkum, Su- 
san Douglas and John Raven, editors, 2003); 

1 5 . Respiration inArchaea and Bacteria: Diversity of 
Prokaryotic Electron Transport Carriers (Davide 
Zamioni, editor, 2004); and 

16. Respiration inArchaea and Bacteria 2 : Diver- 
sity of Prokaryotic Respiratory System (Davide 
Zamioni, editor, 2004) 

1 7. Plant Mitochondria: From Genome to Function 
(David A. Day, Harvey Millar and James Whelan, 
editors, 2004) 

1 8 . Plant Respiration. From Cell to Ecosystem (Hans 
Lambers and Miquel Ribas-Carbo, editors, 
2005) 

See <http://www.wkap.nl/series.htm/AIPH> for 
further information and to order these books. Please 
note that the members of the International Society of 
Photosynthesis Research, ISPR (<http: //www. Photo- 
synthesis research.org>) receive special discounts. 



Chlorophyll a Fluorescence: A Signature 
of Photosynthesis 

Chlorophyll (Chi) a, a green pigment of plants, 
algae and cyanobacteria, is central to oxygenic photo- 
synthesis. Photosynthesis is a web of coupled partial 
processes initiated by the absorption of visible light 
and conversion of photon energy to energy stored 
as redox potential, the transmembrane voltage and 
proton cencentration, and of the free energy stored 




in ATP synthesis. Partial processes include the split- 
ting of water to molecular 0 2 (which escapes to the 
atmosphere) and to electrons and protons, which 
participate directly in the electrochemical reactions 
through which redox and proton gradients are coupled 
to phosphorylation and to fixation of C0 2 to sugars. 
Chlorophyll, as the major chromophore of pigment- 
protein systems, is engaged in photon harvesting, in 
the regulated distribution of excitation energy, and in 
its primary conversion to redox potential and proton 
gradient. Although it performs these tasks with high 
quantum efficiency, a small fraction of absorbed 
photons is re-emitted as red fluorescence. This frac- 
tion varies with metabolic state, and provides the 
basis for the measurement of photosynthesis through 
fluorescence. 

The goal of this book is to equip readers with 
sufficient theory to enable them to interpret the in- 
formation from measurements of Chi a fluorescence, 
and to facilitate the use of relatively inexpensive, 
portable fluorometers that permit field applications 
in agriculture, and applications in biochemistry, 
biophysics, physiology and ecology. It deals with 
successful applications of the use of Chi fluorescence 
as a convenient, non-invasive, highly sensitive, rapid 
and quantitative probe of some of the partial pro- 
cesses of photosynthesis. The detailed studies in the 
laboratory have been extended to measurements of 
total photosynthesis of cells, leaves, plants and plant 
ecosystems. The book also explains mechanisms for 
‘photoprotection’ of plants (against excessive light), 
and regulation of the photosynthetic machinery in 
response to temperature extremes, drought, heavy 
metal stress and UV stress. Further, it discusses 
newer findings using modern technologies such as 
fluorescence imaging of leaves and cells and remotely 
sensed fluorescence (from terrestrial, airborne, and 
satellite bases). The book provides a solid founda- 
tion of the basic theory, and applications of the rich 
information contained in Chi fluorescence signal as 
it relates to photosynthesis and plant productivity. 
Research scientists, graduate students, and advanced 
undergraduates in integrative biology, cellular and 
molecular biology, plant biology, biochemistry, 
biophysics, plant physiology, global ecology and ag- 
riculture, will find this book invaluable in advancing 
and consolidating their knowledge of photosynthesis 
and Chi a fluorescence. 

The book has 3 1 chapters, written by 59 authors 
from 18 countries. Govindjee (USA) discusses a bit 
ofbasics andhistory (Chapter 1); G. C. Papageorgiou 



(Greece) presents information on fluorescence of 
photosynthetic pigments (Chapter 2); N. R. Baker 
and K. Oxborough (UK) show how one can exploit 
Chi a fluorescence to probe photosynthetic produc- 
tivity (Chapter 3); and R. M. Clegg (USA) provides 
the basics of excitation energy migration and transfer 
(Chapter 4). This is followed by discussions by R. 
van Grondelle and B. Gobets (The Netherlands) on 
transfer and trapping of energy in plant photosystems 
(Chapter 5); by W. J. Vredenberg (The Netherlands ) on 
a three-state model of Photosystem II (PS II) where 
pheophytin plays an important role in controlling 
Chi fluorescence (Chapter 6); and by M. Mimuro 
(Japan) on energy migration and trapping in cyano- 
bacteria (Chapter 7). V Shinkarev (USA) discusses 
the relationship between PS II reactions and Chi 
fluorescence in multiple flashes of light (Chapter 
8); and S. Itoh and K. Sugiura (Japan) summarize 
information on fluorescence of PS I (Chapter 9). D. 
M. Kramer, T. J. Avenson, A. Kanazawa, J. A. Cruz, 
B. Ivanov and G. Edwards (USA and Russia) discuss 
the regulation of the photosynthetic electron transfer 
(Chapter 10). This is followed by a presentation by 
U. Schreiber (Germany) of the Pulse Amplitude 
Modulation (PAM) Fluorometry and its application 
to photosynthesis (Chapter 11); R. J. Strasser, M. 
Tsimilli-Michael and A. Srivastava (Switzerland, 
Cyprus and USA) present a detailed analysis of 
the Kautsky curve (Chi a fluorescence transient or 
induction) (Chapter 12); E. Tyystjarvi and I. Vass 
(Finland and Hungary) discuss the relationship 
of fluorescence with delayed light emission and 
thermoluminescence (Chapter 13). L. Nedbal and 
J. Whitmarsh (The Czech Republic and USA) show 
and discuss fluorescence imaging of leaves and fruits 
(Chapter 14), whereas K. Oxborough (UK) presents 
the use of fluorescence imaging to monitor photo- 
synthetic performance (Chapter 1 5). This is followed 
by the chapter of I. Moya and Z. Cerovic (France) 
on the remote sensing of Chi fluorescence; of J.F. 
Allen and C. Mullineaux (Sweden and UK) on the 
state-transitions in plants, algae and cyanobacteria 
(Chapter 1 7). Non-photochemical quenching (NPQ ) 
of chlorophyll fluorescence and its role in photo- 
protection is a theme covered in several chapters: 
G. H. Krause and P. Jahns (Germany) characterize 
it (Chapter 18); D. Bruce and S. Vasil’ev (Canada) 
discuss the multiple dissipation processes (Chapter 
19); T. Golan, X-P. Li, P. Miiller-Moule and K. K. 
Niyogi (USA) show how one can exploit mutants to 
study NPQ (Chapter 20). A. M. Gilmore (Australia 




and USA) summarizes the use of global analysis of 
time and wavelength-resolved fluorescence in probing 
energy dissipation mechanisms (Chapter 21); and W. 
W. Adams III and B. Demmig- Adams (USA) empha- 
size the use of Chi fluorescence in monitoring plant 
responses to the enviromnent (Chapter 22); M. Tevini 
(Germany) focuses on the ultraviolet light effects on 
plant responses (Chapter 23); N. G. Bukhov and R. 
Carpentier (Russia and Canada) discuss the effects 
of water stress on plant responses (Chapter 24), 
whereas M. K. Joshi and R Mohanty (India) focus on 
the heavy metal stress on plants (Chapter 25). G. C. 
PapagergiouandK. Stamatakis (Greece) summarize 
the use of Chi fluorescence in monitoring water and 
solute transport in cyanobacterial cells (Chapter 26); 
J. K. Hoober and J. Argyroudi-Akoyunoglou (USA 
and Greece) address the assembly of the light har- 
vesting complexes of Photosystem II and discuss the 
role of Chi b (Chapter 27); H. K. Lichtenthaler and 
F. Babani (Germany and Albania) discuss the use of 
Chi fluorescence in monitoring light adaptation and 
senescence in plants (Chapter 28). This is followed 
by chapters on productivity of ecosystems : terrestrial 
(Chapter 29 by J. Cavender-Bares and F. Bazzaz, 
USA); marine (Chapter 30 by P. G. Falkowski, M. 
Koblizek, M. Gurbunov and Z. Kolber, USA); and 
inland waters (Chapter 31 by J. Raven and S. C, 
Maberly, Scotland, UK). 

The book is dedicated to a pioneer of Chlorophyll a 
Fluorescence: Louis N. M. Duysens (of Oegstgeest, 
The Netherlands). 



Just for Fun: An Historical Note on Goethe 

In the recent past, I have been fascinated by the 
history of science, particularly of photosynthesis 
research (see Photosynthesis Research, Volume 73, 
2002; Volume 76, 2003, and Volume 80, 2004). In 
Chapter 1 of the present book, I have included a bit 
of history of ‘Chlorophyll a fluorescence.’ Professor 
Robert Clegg (Physics Department, University of Il- 
linois, Urbana, IL) recently told me about Goethe’s 
contributions to science. Johami Wolfgang von 
Goethe (1749-1832), Germany’s greatest poet and 
dramatist, famous for Faust, was also a distinguished 
scientist, who carried out careful observations in 
physics. Although his interpretations of color and 
disagreement with present physical theory is well 
known, many of his other contributions are not well 
known. Clegg sent me an interesting story from 



Goethe about light emission from minerals. 

‘The ‘Stokes shift’ of the luminescent emissions 
from mineral samples is qualitatively, but clearly 
discussed by Goethe, and this shows that even at 
that time, before the phenomenon was understood, 
it was known that the color of the emitted light 
was different from the color to which the samples 
were exposed, and that the radiance of mineral 
samples was shifted to the red. In his 1810 book 
(Zur Farbenlehre, Historischer Teil: Wirkung 
farbiger Beleuchtung auf verschiedene Arten von 
Leuchtsteinen), Goethe discusses the work of 
‘Herrn Doktor Seebeck zu Jena,’ who carried out 
experiments on the ‘effect of colored illumination 
on glowing stones, metal oxides and plants’. See- 
beck had used: ‘(1) Barytphosphors, ... radiated 
yellow-red, as weakly glowing coals, after they had 
been exposed to [author: direct] sunlight, or just 
to daylight. (2) Phosphors from artificial sulfuric 
acid [author: treated] Strontian, . . . These radiated 
sea-green (3) Quicklime (CaO) phosphors, pre- 
pared from burned Oyster shells according to the 
instructions of Canton, which radiate mostly bright 
yellow. These phosphors were successively exposed 
to different prismatic colors [author: light that has 
passed through a prism]. In blue and violet light 
they all became equally luminous; however, the 
radiated light was not changed in any way [author: 
from that produced by exposure to strong sunlight] : 
in the dark, the Barytphosphors glowed yellow- 
red, the new Strotianphosphors sea-green, and so 
forth, exactly as though they had been exposed to 
sunlight. In the blue they were only slightly less 
radiant than when they were exposed to violet light. 
Beyond violet [author: this would be nowadays in 
the near ultraviolet] where hardly a color can be 
discerned, they took on a lively radiance exactly 
as though they had been exposed to violet light. 
With green they glowed markedly weaker than with 
blue, with yellow much weaker, and with red they 
radiated the weakest,... ’ 



Chlorophyll a Fluorescence Books 

There are only three other books that deal solely 
with ‘chlorophyll a fluorescence:’ (1) 1986: Light 
Emission by Plants and Bacteria (638 pages; Govin- 
djee, J. Amesz and D. C. Fork, eds), Academic Press, 




New York; (2) 1988: Applications of Chlorophyll 
Fluorescence in Photosynthesis Research , Stress 
Physiology, Hydrobiology and Remote Sensing (384 
pages; H. K. Lichtenthaler, ed), Kluwer Academic 
Publishers, Dordrecht; (3) 2003: Practical Applica- 
tions of Chlorophyll Fluorescence in Plant Biology 
(280 pages; J. R. DeEll and P. M. A. Toivonen, eds), 
Kluwer Academic Publishers, Dordrecht. The three 
books are multiauthored: Govindjee et al. (1986) 
deals with both basics and applications. The focus 
of books edited by Lichtenthaler (1988) and of DeEll 
and Toivonen (2003 ), however, is mainly applications, 
although some basics are also provided. The current 
book (~ 820 pages) is the most extensive and com- 
prehensive book on the basics and the applications 
of Chi a fluorescence in plant biology. 



The Scope of the Series 

Advances in Photosynthesis and Respiration is a 
book series that provides, at regular intervals, a com- 
prehensive and state-of-the-art account of research 
in various areas of photosynthesis and respiration. 
Photosynthesis is the process by which higher plants, 
algae, and certain species of bacteria transform and 
store solar energy in the form of energy-rich organic 
molecules. These compounds are in turn used as 
the energy source for all growth and reproduction 
in these and almost all other organisms. As such, 
virtually all life on this planet ultimately depends on 
photosynthetic energy conversion. Respiration, which 
occurs in mitochondria and in bacterial membranes, 
utilizes energy present in organic molecules to fuel 
a wide range of metabolic reactions critical for cell 
growth and development. In addition, many photo- 
synthetic organisms engage in energetically wasteful 
photorespiration that begins in the chloroplast with an 
oxygenation reaction catalyzed by the same enzyme 
responsible for capturing C0 2 in photosynthesis. This 
series of books spans topics from physics to agronomy 
and medicine, from femtosecond (10“ 15 s) processes 
to season long production, from the photophysics 
of reaction centers, through the electrochemistry of 
intermediate electron transfer, to the physiology of 
whole organisms, and from X-ray crystallography of 
proteins to the morphology of organelles and intact 
organisms. The intent of the series is to offer begin- 
ning researchers, advanced undergraduate students, 
graduate students, and even research specialists, a 
comprehensive, up-to-date picture of the remark- 



able advances across the full scope of research on 
bioenergetics and carbon metabolism. 



Future Books 

The readers of the current series are encouraged to 
watch for the publication of these forthcoming books 
(not necessarily arranged in the order of future ap- 
pearance): 

( 1 ) Discoveries in Photosynthesis Research (Editors : 
Govindjee, Howard Gest, J. Thomas Beatty and 
John F. Allen); 

(2) Chlorophylls and Bacteriochlorophylls: Bio- 
chemistry , Biophysics and Biological Function 
(Editors: Bernhard Grimm, Robert J. Porra, 
Wolfhart Rudiger and Hugo Scheer); 

(3) Photosystem IP. The Water/Plastoquinone Oxido- 
reductase in Photosynthesis (Editors: Thomas J. 
Wydrzynski and Kimiyuki Satoh); 

(4) Photosystem I: The Plastocyanin/Ferredoxin 
Oxidoreductase in Oxygenic Photosynthesis 
(Editor: John Golbeck); 

(5) Photoprotection, Photoinhibition, Gene Regula- 
tion and Environment (Editors: Barbara Dem- 
mig-Adams, William W. Adams III and Autar 
Mattoo); 

(6) Photosynthesis: A ComprehensiveTreatise; Bio- 
chemistry, Biophysics and Molecular Biology, 

Part 1 (Editors: Julian Eaton-Rye and Baishnab 
Tripathy) 

(7) Photosynthesis: A ComprehensiveTreatise; Bio- 
chemistry, Biophysics and Molecular Biology, 
Part 2 (Editors: Baishnab Tripathy and Julian 
Eaton-Rye); and 

(8) The Structure and Function of Plastids (Editors : 
Kenneth Hoober and Robert Wise) 

In addition to these contracted books, we are 
interested in publishing several more books. Topics 
under consideration are: Molecular Biology of Stress 
in Plants; Global Aspects of Photosynthesis and 
Respiration; Protein Complexes of Photosynthesis 
and Respiration; Protonation and ATP Synthesis; 
Functional Genomics; The Cytochromes; Laboratory 
Methods for Studying Leaves and Whole Plants; and 
C-3 and C-4 Plants. 

Readers are requested to send their suggestions 
for these and future volumes (topics, names of fu- 
ture editors, and of future authors) to me by E-mail 
(gov@uiuc.edu) or fax (1-217-244-7246). 

In view of the interdisciplinary character of re- 



IX 




search in photosynthesis and respiration, it is my 
earnest hope that this series of books will be used in 
educating students and researchers not only in Plant 
Sciences, Molecular and Cell Biology, Integrative 
Biology, Biotechnology, Agricultural Sciences, Mi- 
crobiology, Biochemistry, and Biophysics, but also 
in Bioengineering, Chemistry, and Physics. 

I take this opportunity to express my heartfelt thanks 
and appreciation to George C. Papageorgiou (co- 
editor of the current volume) for the highest quality 
and friendliness of his editorial work. Both of us are 
grateful to Larry Orr for typesetting this book and for 
the preparation of the Index; we are indebted to him 
for his friendly reminders on the rules of the Series. 
We thank all the authors of Volume 19: without their 
authoritative chapters, there will be no book. We owe 



Noeline Gibson (of Kluwer Academic Publishers) 
special thanks for her friendly and wonderful work- 
ing connection with the production of this book. 
Thanks are also due to Jacco Flipsen (also of Kluwer 
Academic Publishers), and Jeff Haas (Director of 
Information Technology, Life Sciences, University 
of Illinois) for their support. I am also thankful to 
Nancy Kiang (of NASA, Goddard Space Center) for 
the cover of this book, and Robert Clegg (of UIUC) 
for the story on Goethe. My wife Rajni Govindjee 
deserves my special thanks for tolerating my work 
habits and for her help when I needed it most. Our 
daughter Anita Govindjee and her husband Morten 
Christiansen; our son Sanjay Govindjee and his wife 
Marilyn Govindjee provided facilities at different 
times during the preparation of this book. 

August 15, 2004 

Govindjee 

Series Editor, Advances in Photosynthesis 

and Respiration 
University of Illinois at Urbana-Champaign 
Department of Plant Biology 
505 South Goodwin Avenue 
Urbana, IL 61801-3707, USA 
E-mail: gov@uiuc.edu; 

URL: http://www.life.uiuc.edu/govindjee 
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Preface 



If we were to single out one line of technological 
inventions that provided the greatest stimulus to 
biological research, and was really behind the un- 
precedented advances that biological sciences made 
since World War II, then we would choose technolo- 
gies to detect weak light signals by transducing them 
to electrical signals, be it by the photomultiplier 
tube of the late 1940s, or the transistor photodiode 
and the charge coupled device detector of the late 
1960s and early 1970s. And if we were to name the 
one scientific discipline these technologies and their 
variants benefited the most, then we would place 
our bet on photosynthesis. And for good reason. In 
photosynthesis, light is a reactant, therefore it is used 
quantitatively by all kinds of photosynthetic organ- 
isms which employ pigment assemblies to capture it 
and utilize its energy. Photosynthesis is of course the 
ubiquitous, fundamental and characteristic process 
of our planet, the very foundation of all food chains. 
For a description of the structure and function of 
pigment-protein complexes, that contain these pig- 
ment assemblies, see Volume 13 of the Advances 
in Photosynthesis and Respiration (AIPH) series, 
‘Light-harvesting Antennas in Photosynthesis’, edited 
by B. R. Green and W. A. Parson. 

Actually, photosynthesis is a mosaic of partial 
processes, some of which may trace their origin back 
to the late Archaean era (about 3000 million years 
ago). In spite of its long evolutionary course, and the 
great diversity of present day photosynthetic organ- 
isms, the biological machinery of photosynthesis is 
remarkably conservative. Its key pigment, chlorophyll 
(Chi) a, is present in all oxygenic photosynthetic 
organisms, and with one recently identified excep- 
tion, it is the exclusive photoactive chromophore of 
all photosynthetic reaction centers, which convert 
and store electronic excitation energy in the form 
of oxidoreduction potential difference. In addition, 
only a few other kinds of colored molecules (e.g. 
Chi b, Chi c, Chi d, carotenes, xanthophylls and 
phycobiliproteins ) assist Chi a in photon harvesting. 
Indeed, the disparity between the great multitude of 
photosynthetic organisms and the small number of 
photosynthetic chromophores is so enormous, that 
the latter are used to characterize broad taxonomic 
divisions of the former. ‘The Photochemistry of 
Carotenoids’ has been discussed in Volume 8 of the 



AIPH series, edited by H. A. Frank, A. J. Young, G. 
Britton and R. J. Cogdell 

Most of the light which photosynthetic organisms 
absorb is invested in the photoinduced transport of 
electrons and protons from water to nicotinamide 
adenine dinucleotide phosphate and in the phos- 
phorylation of ADP to ATP (see Photosynthesis: 
Photobiochemistry and Photobiophysics by B. Ke, 
AIPH series, Volume 10). Both products are needed 
to convert carbon dioxide to carbohydrate via the 
enzymes of the Calvin-Benson-Bassham Cycle. A 
minor part of the electronic excitation energy, that 
is acquired by light absorption, escapes back as 
Chi a fluorescence, the focus of the present volume. 
Decades of imaginative research, technological in- 
novations, and advances in many scientific fronts 
combined in elevating Chi a fluorescence to a major 
diagnostic tool of both static and dynamic aspects of 
photosynthesis. 

Chlorophyll a fluorescence has always been a fasci- 
nating area of intellectual adventure, as well as a prac- 
tical tool, to scientists of diverse origins and tastes. 
Together with other spectroscopic and biochemical 
methods it helped elucidate many important features 
of the mechanism of photosynthesis: the modes and 
dynamics of exciton migration inpigment assemblies; 
the trapping of excitonic energy by special reaction 
center chromophores and its stabilization as redox 
potential difference; and the adaptive mechanisms 
which oxygenic photosynthesizers mobilize in order 
to withstand successfully environmental stresses, such 
as light, heat, salinity, dehydration, and pollution. 

More importantly, basic research in the 1960s 
and 1970s led to the realization that Chi a fluores- 
cence, which measures the fraction of the absorbed 
photosynthetically active radiation that is not used 
for photosynthesis, is in a way an inverse measure 
of the productivity of green plants. Thus, the more 
Chi a fluorescence a plant emits, the less productive 
it is. However, a major caveat to remember in this 
inverse relationship is that the heat loss must remain 
constant. However, during exposure to excess light, 
both fluorescence and photochemistry decrease and 
heat loss increases. And, this has been exploited to 
understand the mechanism of photoprotection by 
plants and algae. 

Light-induced transients of Chi a fluorescence 



xxi 




have been particularly useful in assessing plant 
productivity, since photosynthetic efficiency could 
be quantified in terms of the transient amplitudes. 
Subsequent developments in Chi a fluorescence 
imaging enabled the visualization of the metabolic 
status of whole leaves. These discoveries, combined 
with technical advances that increase the signal/noise 
ratio and allow the registration of reliable fluorescence 
signals even in strong light backgrounds, took Chi a 
fluorometry out of the dark room and into the broad 
daylight. Equipped with portable and reasonably 
priced Chi a fluorometers, field scientists are now 
able to monitor the photosynthetic productivity of 
individual leaves and plants rapidly, conveniently, 
repeatedly, non-destructively, and inexpensively. 
Moreover, they can enter masses of numerical data 
into suitable mathematical models which return time 
and space snapshots of productivity of oxygenic pho- 
tosynthesizers. Still another technological advance 
is the ability for the sensing of Chi a fluorescence 
from terrestrial, airborne and satellite platforms. In 
principle, the detected fluorescence bears informa- 
tion not only on the ecosystem productivity, but also 
on the effects of environmental stresses and on the 
diversity of plant species . All these applications, more 
than justify Chlorophyll Fluorescence: A Signature 
of Photosynthesis, as the title of this book 

The book comprises 3 1 chapters, authored by 59 
experts in Chi a fluorescence in vivo. The outstand- 
ing contributions of many more distinguished pho- 
tosynthesis scientists are paraded through its pages. 
Chapters are arranged in seven sections. The opening 
section (1) comprises introductory overviews on Chi 
a fluorescence. It is followed by sections in photobio- 
physics (2), photobiochemistry (3), instrumentation 
and analysis (4), the use of Chi a fluorescence as a 
sensor of environmental stresses (5), and chloro- 
phyll biosynthesis and degradation (6); and the last 
section (7) includes chapters on the productivity of 
ecosystems (terrestrial, freshwater and marine) as 
detected and quantified by measurements of Chi a 
fluorescence. 

The present volume covers both the basics as well 
as the applications of Chi a fluorescence in one vol- 
ume. It brings to laboratory scientists in touch with 
the realities of photosynthetic productivity, and open- 
field scientists in solid awareness of the principles, the 
physical basis, the potential and the instrumentation 
of Chi a fluorometry. It is an indispensable book not 
only for plant physiologists, agronomists and ecolo- 
gists, but equally for plant biologists, biochemists, 



and biophysicists. It has been designed so that not 
only the beginning and advanced researchers, but the 
advanced undergraduate and graduate students will 
find it invaluable. 

We take this opportunity to thank first the one 
person who was most crucial in bringing this 
book to publication stage: our good friend Larry 
Orr (of Arizona State University). A book of this 
magnitude and depth on ‘Chlorophyll a Fluo- 
rescence’ was possible only because our authors 
are in the forefront of their fields. We thank all of 
them for their cooperation, for providing us with 
authoritative chapters, and above all for their patience 
with our regular and sometimes annoying e-mails sent 
past midnight. Noeline Gibson and Jacco Flipsen 
(both at Kluwer Academic Publishers ) deserve our 
gratitude for their spirit of cooperation and their help 
in producing the book. Without the advice of several 
anonymous reviewers, a book of this scope would not 
have been possible. Nancy Kiang (at NASA Goddard 
Institute of Space Studies) is thanked for the striking 
diagram on the book’ s cover. We also acknowledge 
the support of our respective institutes (Institute of 
Biology, NCSR, Demokritos, Athens, Greece; and 
Department of Plant Biology, University of Illinois, 
Urbana, IL, USA). Finally, we owe special gratitude 
to our wives (Sophie Papageorgiou and Rajni Gov- 
indjee) for tolerating us and supporting us when we 
most needed their help. 

We mourn the loss of our dear friend and photobi- 
ologist, Professor Gauri Shankar Singhal (Jawaharlal 
Nehru University, New Delhi), who passed away on 
July 3, 2004. We knew him as a wonderful human 
being and an outstanding young photochemist when 
he was a postdoctoral associate with Eugene Rabi- 
nowich, at Urbana, Illinois, in the 1960s, and when 
he hosted several international conferences in New 
Delhi, in the 1980s. 

George C. Papageorgiou 
Athens, Greece 
E-mail: gcpap@bio.demokritos.gr 

Govindjee 
Urbana, Illinois, USA 
E-mail: gov@life.uiuc.edu 
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The above photograph of George Papageotgiou. 
standing on the volcanic ash beach, was taken by 
Sophie Papageotgiou in 2004 on the Island of Melos, 
Greece. 

George Papageorgiou 

George C. Papageorgiou, one of the editors of this 
volume, retired in 2001 as Research Director, after 
32 years of service, at the Institute of Biology of the 
National Center of Scientific Research (NCSR) De- 
mokritos in Athens. Greece. He received a diploma 
in chemistry in 1958 from his hometown university 
(University ofThessaloniki, Greece), then served in 
the Greek Army as an artillery reserve officer. After a 
number of teaching jobs in Greece, he was admitted 
in 1963 for graduate studies in the Department of 
Physiology and Biophysics of the University of Illi- 
nois at Urbana-Champaign (UIUC). He did his thesis 
research in the laboratories of Govindjee and Eugene 
Rabinowitch, where he was introduced to * Photosyn- 
thesis.’ There, he met and befriended several young, 
at that time, scientists who were to become later well 
known photosynthesis personalities in the subsequent 
years (e.g., Prasanna Mohanty, Alan Stemler, Gauri 
Singhal, W. Patrick Williams, Laszlo Szalay, Danuta 
Fnjckowiak; also see S. S. Brody (2002) Photosynth 
Res 73: 127-1 32; and A. K. Ghosh (2004) Photosynth 



Res 80: 427-437). George was Govindjee’s first 
Ph.D. student; other students being John C. Mun- 
day, Jr., Frederick Cho and Ted Mar; George did his 
graduate research using the homemade fluorometer 
of Govindjee, a rare instrument in early 1960s when 
all existing fluorometers were homemade. In 1968, 
he obtained a Ph. D. in Biophysics , with a thesis on 
‘ Fluorescence induction in ( 'hlotvlla pyrenoidosa and 
Anacystis nidulans and its relation to photohosphory- 
lation.’ After graduation, and some post-graduate 
work at the University of Illinois, he was appointed 
as research scientist in the Photosynthesis Laboratory 
of NCSR Demokritos (head George Akoyunoglou; 
see G. C. Papageorgiou (2003) Photosynth Res 76 
:427-433)and few years later he was named head of 
the Laboratory of Membrane Biophysics and Biotech- 
nology at the Department of Biology (now Institute 
of Biology). George has held several administrative 
positions in Demokritos. served in national and inter- 
national committees, organized or participated in the 
organization of a number international conferences 
and symposia (including the organization in 1980 of 
the 5 th International Congress of Photosynthesis in 
Greece, whose chief organizer was George Akoyu- 
noglou). George is one of the founding members of 
the Hellenic Biochemical and Biophysical Society 
(now Hellenic Society of Biochemistry and Molecular 
Biology), and has served this Society as its secretary 
for several years His scientific interests centered on 
membrane bioenergetics and biophysics, with particu- 
lar emphasis on photosynthetic membranes of higher 
plants, algae and cyanobacteria. During his scientific 
career, he has collaborated with many distinguished 
colleagues in the fields of photosynthesis and mem- 
brane bioenergetics. Special mention is made here 
of Govindjee (UIUC), the late Eugene Rabninowitch 
(UIUC), the late George Akoyunoglou (NCSR. De- 
mokritos), Joan Argyroudi -Akoyunoglou (NCSR, 
Demokritos ), Lester Packer (University of California, 
Berkeley, CA), the late David Hall (University of 
London. King’s College), Sergio Papa (University of 
Bari) and Norio Murata (National Institute of Basic 
Biology. Okazaki ). After retirement, George has been 
a collaborating research scientist at the Institute of 
Biology of NCSR Demokritos. His current research 
(with his successor. Dr. Kostas Stamatakis) centers 
on osmotic volume changes of cyanobacterial cells, 
as detected by changes in the intensity of phycobili- 
some sensitized chlorophyll a fluorescence. 
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A 1954 group photograph of Govindjee ( see a now) with his fellow students at the University of Allhabad, 
Allahabad, India. Photo, taken at 14B Bank Road, courtesy ? ofDurga Prasad Tiwari. 



Govindjee 



Govindjee is Professor Emeritus of Biochemistry, 
Biophysics and Plant Biology at the University of 
Illinois at Urbana-Champaign (UIUC), Illinois, 
USA, since August 1, 1999. He received his B.Sc. 
(Chemistry, Botany and Zoology ) and M.Sc. (Botany) 
from the University of Allahabad, Allahabad India, in 
1952 and 1954, respectively. He specialized in Plant 
Physiology under Sliri Ranjan (a former student of 
Felix Frost Blackman); he was a Lecturer in Botany 
at Allahabad University from 1954-1956. He came 
to the University of Illinois at Urbana-Champaign 
(UIUC), Illinois, USA in 1956, as a Fulbright scholar, 
to work for his Ph.D. in physico-chemical biology 
under Robert Emerson. After Emerson’s untimely 
death in a plane crash in February, 1959, he worked 
with Eugene Rabinowitch, and obtained his Ph.D. 
in Biophysics from UIUC, in 1960, with a thesis on 
the ‘Action Spectra of the Emerson Enhancement 
Effect in Algae’. From 1960-1961, he served as a 
United States Public Health (USPH) Postdoctoral 
Fellow; from 1961-1965, as Assistant Professor of 
Botany; from 1965-1969 as Associate Professor of 
Biophysics and Botany; and from 1969-1999 as 
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Fig. I. left: Structural model of monomeric LHCII. Red, protein backbone; blue, Chi a: green. Chi b; blue/green. mixed Chk/Chl/?. 
Right: Constructed image of a ‘complete’ PSII-LHCII supercomplex, the hypothetical C : S,M : L ; supercomplex (adapted from Boekema 
et al.. 1999b). The PSII core complexes are depicted in blue, the ‘minor’ peripheral antenna complexes CP29. CP26 and CP24 are de- 
picted in red and the trimcric LHCII complexes at the so-called S, M and L positions are depicted in green. S, M and L. refer to strongly, 
moderately and loosely bound LHCII, respectively. See Chapter 5, van Grondelle and Gobets. 




Fig. 2. The Photosystem II super-complex viewed from the side (a) and from the lumen (b). In (c) the docking sites of the 17 kD, 23 
kD and 33 kD proteins of the extrinsic oxygen-evolving complex and the trans-membrane a-helices of the protein subunits in the core 
complex are shown at higher magnification. The structures of LHCII, CP24 and CP26 were derived from Kuhlbrandt et al. ( 1994) and 
their positions are based on internal density distribution in the super-complex, determined by electron microscopy, and chemical cross- 
linking (From Nield et al., 2000: used with permission). See Chapter 27, Hoober and Akoyunoglou. 
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Fig. 1. A leaf of Nerium oleander. Heterogeneity was artificially 
induced by dipping the tip of the leaf in 45 °C water for 5 min; 
continuous illumination at 400 gmol photons m 2 s _l . (a) Coef- 
ficient of absorbed PAR; (b) Effective quantum yield (AF/FnT); 
(c) Relative rate of photosynthesis; (d) Nonphotochemical 
quenching (NPQ). Relative values ranging from 0 to 1 are dis- 
played using the indicated false color scale (black corresponds 
toO). Measurements with the 1MAG1NG-PAM fluorometer. See 
Chapter 1 1, Schreiber. 
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Fig. 2. Coefficient of nonphotochemical quenching. qN. imaged 
at the upper surface of a dandelion leaf (Taraxacum officinale) 
showing spatiotemporal variations after spot heating by a pulse 
of near- infrared laser light. The leaf was illuminated by blue light 
(470 nm) at 80 pmol photons nr 2 s _l . Saturation pulses for the 
assessment of quenching parameters were applied every 10 s. The 
displayed images were recorded; (a) 10s before the infrared laser 
pulse; (b) 20 s after the infrared laser pulse; (c) After additional 
60 s; (d) After additional 60 s. qN values between 0 and 1 are 
coded by a scale of gray tones ranging from black to white. The 
green color dominating before the laser pulse corresponds to 
qN a 0.4. whereas the blue color spreading via the vein system 
after the laser pulse corresponds to qN a 0.7. Measurements with 
the 1MAGING-PAM fluorometer. See Chapter 1 1. Schreiber. 




Fig. 3. An attached Nicotiana t aba cum leaf before and after injecting 50 mM CuS0 4 into the main vein. The image which represents the 
relative fluorescence decrease (Rfd F p - F</F s ) was created by pixel point processing. F p and F s are the fluorescence images after l s 
of illumination and at the end of the fluorescence induction (steady state), respectively, (a) False color scale, with blue indicating high 
and red low Rfd; (b) before the CuS0 4 treatment (high Rfd values); (c) 30 min after the CuS0 4 treatment (a decline in Rfd); (d) 60 min 
after the CuS0 4 treatment (further decline in Rfd). Adapted from Ciscato and Valcke, 1998. See Cliapter 25. Joshi and Mohanty. 
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Fig. /. Left. Solar induced fluorescence yields as retrieved by MODIS, an Earth orbiting satellite based sensor of moderate resolution. 
The fluorescence retrievals are calculated from the water leaving radiances at 685 nni. which are subsequently corrected for atmospheric 
scattering, and then normalized to chlorophyll a and total spectral irradiance. Right. Chlorophyll distribution, variable fluorescence, 
photosynthetic yields, functional absorption cross section, ami primary production calculated along the transect across the Middle 
Atlantic Bight off the New Jersey coast. See Chapter 30. Falkowski et al. 
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Fig. 1. Images of chlorophyll fluorescence showing F 0 , F M , F s , and F M ' for an African violet leaf (, Saintpaulia ) infiltrated by the photosys- 
tem II inhibitor DCMU (top row). The bottom row shows the ratios F V /F M (= (F M - F 0 )/F M ,), R fd = (F M - F S )/F M ), <E> PSII (= (F M ' - F S )/F M '), 
and NPQ (= (F M - F M ')/F M ') calculated pixel-by-pixel using the data in the top row. The numerical values shown to the right of the rows 
are color-coded using a red (high level) to blue (low level) color scale. See Chapter 14, Nedbal and Whitmarsh. 

Fig. 2. Three-dimensional visualization of signals imaged by a CCD camera. The two-dimensional image is represented by the x-y axes 
and the signal amplitude is represented by the z-axis. A red-blue color scale is used to enhance visual perception, with high signals shown 
in red (maximum 255) and low signals in blue (minimum 0). (A) Fluorescence signal of a plastic sheet containing a uniformly distributed 
fluorescent dye (Nile Blue) illuminated by diffuse homogenous light. The non-uniformity of the image is due to the proximity of the 
camera objective lens (9 cm above the Nile Blue sheet). (B) Fluorescence signal emitted by the Nile Blue sheet excited by measuring 
flashes from an array of orange light emitting diodes (X^ = 635 nm). The non-uniformity of the signal is due to the camera optics and 
the non-uniformity of the measuring light field. (C) Fluorescence signal emitted by the Nile Blue sheet excited by an intense pulse of 
light from a 250 W halogen lamp (3000 pmol photons nr 2 s -1 ) The non-uniformity of the signal is due to the combined effect of the 
camera optics and mhomogeneity of the actinic light field. (D) Scattered light signal from a leaf ( Hedera ) placed on white paper that 
was illuminated by the orange LED array. Scattered light was selected by placing an orange filter in front of the camera. The low signal 
in the center of the image is due to light absorption by the leaf. (E) Image of the fluorescence signal emitted by the leaf excited by the 
orange LED array. Fluorescent light was selected by placing a red filter in front of the camera that passed 695-750 nm light. The camera 
sensitivity was adjusted to provide similar signal amplitude in each experiment. See Chapter 14, Nedbal and Whitmarsh. 



Fig. 3. Scattered light and fluorescence images of a Hedera leaf. (A) Color photograph of the leaf illuminated by white light (24 bit, 
2048 x 1536 pixels). (B) Color photograph of the leaf illuminated by the orange LED measuring flashes (635 nm). (C) Map of scattered 
measuring light (635 nm) from white paper without the leaf. Note that the scattered light signal is shown only for the area previously 
occupied by the leaf. The image was captured without a red filter in front of the camera. (D) Map of scattered measuring light from the 
leaf (same as C except with the leaf). (E) The difference between images (C) and (D), showing the decrease in scattering due to light 
absorption by the leaf. (F) Map of the fraction of measuring light absorbed by the leaf (calculated by dividing the pixel data in image (D) 
by the pixel data in image (C). Images (C-F) were captured using a monochrome CCD camera (8-bit, 400 x 300 pixels). See Chapter 
14, Nedbal and Whitmarsh. 

Fig. 4 . Fluorescence images of F 0 , F M , F v , and F M ' emitted by a Hedera leaf (top row). The bottom row shows the same fluorescence im- 
ages after normalization by dividing each pixel by the value of the corresponding pixel in the image mapping the absorbed light shown in 
Fig. 3E. Normalization serves to correct for heterogeneity in the distribution of chlorophyll in the leaf and heterogeneity in the measuring 
light field, which yields a more accurate map of the fluorescence yield parameters. See Chapter 14, Nedbal and Whitmarsh. 



Fig. 5. Images of the red Chi fluorescence of a sun (A) and a shade (B) leaf of beech at maximum fluorescence Fp as well as at steady- 
state fluorescence Fs (C,D) after 5 min of illumination at the end of the Chi fluorescence induction kinetics (Kautsky effect). The scale 
in (A) to (D) indicates the intensity of the Chi fluorescence of the leaf pixels given in false colors from high (red) to low fluorescence 
(blue). Note the different scales for sun and shade leaves. The images of the Chi fluorescence decrease ratio (RFd = Fd/Fs) of the sun 
(E) and shade (F) leaf calculated from the induction kinetics are in the same scale. Chi fluorescence images were measured with the 
Karslruhe flash-lamp fluorescence imaging system (FL-FIS) using blue excitation light. See Chapter 28, Lichtenthaler and Babani. 

Fig. 6. Images of the red chlorophyll fluorescence (F690) of a bean leaf at maximum fluorescence Fm (A) and at steady-state fluores- 
cence Fs (B) of the Chi fluorescence induction kinetics (Kautsky effect). (C), Image of the Chi fluorescence decrease ratio (R Fd = Fd/Fs) 
which is an indicator of the photosynthetic quantum conversion and the C0 2 fixation rates of a normal bean leaf and (D), image of the 
Chi fluorescence decrease ratio of a water- stressed bean leaf. The scale in A and B indicates the intensity of the Chi fluorescence. In (C) 
and (D) the scales are different and indicate the values of the fluorescence decrease ratio R Fd . Excitation with pulsed blue light (Xenon 
flash lamp with blue filter Corning No. 9782, X = 465 nm ±50 nm). See Chapter 28, Lichtenthaler and Babani. 
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Fig. 1. Images from guard cells and surrounding mesophyll in a tradescantia leaf. (A) reflected light image, showing the stomatal opening. 
(B) F' image taken with a 680 nm bandpass filter. (C) F' image taken with a Schott RG695 (695 nm longpass) filter. (D) and (E) Images 
of F 7F m ' constructed using (B) and (C), respectively, plus F m ' images taken immediately after (B) and (C). (F) and (G) F 7 F m ' images 
of the chloroplasts within guard cells only, isolated from (D) and (E), respectively. The incident actinic PAR was 93 //mol photons nr 2 
s -1 . The incident PAR during the saturating pulses used to measure F m ' was 6500 //mol photons rrr 2 s -1 . Mean values of F q 7F m ' in (D), 
(E), (F) and (G) are 0.60, 0.55, 0.56 and 0.55, respectively. The scale at the bottom of G represents 50 jum. The palette scale (which is 
a monochrome version of a false color palette) applies to (D), (E), (F) and (G). See Chapter 15, Oxborough. 

Fig. 2. High resolution images taken from an intact biofilm. (A) F' image taken over 200 ms at an incident PAR of 200 //mol photons 
nr 2 s -1 . (B) F m ' image taken during the last 40 ms of a 400 ms saturating pulse at an incident PAR of 6500 //mol photons nr 2 s -1 . (C) 
Image of F q 7F m ' constructed from (A) and (B), which illustrates the movement of cells between the F' and F m images being taken. 
(D) Image of F 7F m ' constructed from cells that were isolated within (A) and (B) and then nudged together to gain the best possible 
overlap. Cells can usually be identified to the genus level within raw or parameter images. Within (D), (i) Euglena sp.; (ii) Plagiotropis 
sp.; (iii) Pleurosigma sp.; (iv) Cylindrotheca sp.; (v) Gyrosigma sp. The white scale at the bottom of (D) represents 200 // m. See Chapter 
15, Oxborough. 

Fig. 3. Images of two unidentified pelagic algae, which were isolated from a water sample taken from the Odense Fjord, Denmark 
on 21 st August, 2002. Cells were concentrated onto a black Nucleopore filter. (A) F 0 image taken over an integration period of 48 ms, 
during which 1 jus pulses of approximately 5000 //mol photons nr 2 s _1 were provided at 500 jus intervals. (B) F m image taken during an 
integration period of 12 ms at the end of an 800 ms saturation pulse. (C) F v /F m image constructed from (A) and (B) The numbers on the 
images are mean values for each cell. In (C), the number in brackets at the top of the image is an integrated mean for the cell at upper 
left in (A) and (B), while the lower number is a pixel mean for the adjacent cell. A pixel mean could not be calculated for the upper cell 
in (C) because it had moved several jum in the 800 ms interval between the taking of the F 0 andF m images. The scale in (C) represents 
20 jum. Images were taken using the LED based system described in Section 1 1 1.A and by Fig. l.B in Chapter 15, Oxborough. 



Fig. 4. Fluorescence images from a detached leaf of Cornus sp., which had it’s petiole submerged in a 10 mM solution of DCMU for the 
entire experiment. The incident PPFD was 300 pmol m' 2 s* 1 . Images of F ’ were generated by synchronizing the camera shutter to a 1 ms 
measuring pulse at a PPFD of 4600 pmol nr 2 s' 1 . To produce images of F m and F m \ a sequence of images was taken at 20 fps over the last 
600 ms of an 800 ms saturating pulse. The image with the highest mean value was taken to be the F m or F m 'value. The remaining images 
were discarded. The PPFD of the saturating pulse and measuring pulses during this procedure was 4600 pmol nr 2 s 1 . Images of F o were 
generated by applying 2 ps pulses, at a PPFD 4600 pmol m' 2 s' 1 , at 400 ps intervals during a 16.7 ms exposure. In (A-C), the false color 
images are of F 7F m The small monochrome images to the left of the false color images are the F' image (leftmost) and F m ' image that 
were used in construction of the F '7F m ' images. These pairs of images were taken after 60 s (A), 1 h (B) and 2 h (C) illumination. In (D), 
the false color image is of F y /F m . The small monochrome images to the left are the F 0 (leftmost) and F m images used in construction of 
the FJF m image. This pair of images was taken after 2 h illumination, followed by 30 min dark-adaptation. The histograms to the right 
of the false color images (A- D) show how data values are mapped to the palette. The numbers below the histograms reflect the range 
of values represented by the x-axis in each case. The scale in (D) represents 20 mm. See Chapter 15, Oxborough. 

Fig. 5. Methods for the isolation of multiple plants within an image. (A), (B) and (C) are all from the same Arabidopsis plants grow- 
ing within a 96 well plate. The 12 columns of plants were treated with different amounts of Imazapyr, 48 h before measurements were 
made. Each well received 15 pL of Imazapyr in 50% acetone. The concentrations applied were (left to right): 0, 8 mM, 4 mM, 0.8 mM, 
0.4 mM, 0, 0, 8 mM, 4 mM, 0.8 mM, 0.4 mM, 0. Columns 6 and 12 are controls (no acetone). Details of the imaging system and all 
lighting conditions (actinic light, saturating pulses and measuring pulses) are the same as described for Fig. 7 of Chapter 15. (A) F' image 
after non-fluore scent pixels have been removed using a low-cut filter (Section III.E.2 of Chapter 1 5). Circles highlight wells that contain 
more than one plant. (B) Individual plants have been identified in (A), using an algorithm which searches for blocks of connected pixels. 
(C)F v /F m image from the same sample of Arabidopsis plants and in (A) and (B), which has been divided into 96 zones, using vertical 
and horizontal lines. Mean values for all plants within each column are, from left to right: 0.8 1, 0.35, 0.3 1, 0.45, 0.7 1, 0.8 1, 0.8 1, 0.36, 
0.32, 0.51, 0.65, 0.78. (D) Histogram showing the distribution of F y /F m values in (C). See Chapter 15, Oxborough. 
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Fig. I. Algal and plant life forms in standing water. Top: Planktophytes (phytoplankton community from North Basin of Windermere) 
showing unicellular, colonial and filamentous algae from a range of taxonomic groups (photo courtesy of Dr Hilda Canter-Lund). Middle: 
Haptophytic red macroalga Lemanea mamillosa ; note another haptophyte, Font it talis and an epiphytic red alga on some of the filaments 
(photo courtesy Mr Trevor Fumass). Bottom: Submerged rhizophytic angiosperms (from about 3 m in Loch Borralie, Scotland; photo 
by the late Professor D. H. N. Spence). See Chapter 31. Raven and Maberly. 
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Summary 

Chlorophyll (Chi) fluorescence is a non-destructive intrinsic probe of several aspects of oxygenic photosynthesis. 
In this chapter, the goal is to bring to the readers the basics of Chi fluorescence, a bit of history, it’s potential 
in understanding primary photophysical events (excitation energy transfer; charge separation), and secondary 
reactions (electron transport). This chapter is an extension of an earlier overview by the author (Govindjee, 
1995). References are made to selected original and historical papers and reviews in order to lead the readers 
to earlier work often unavailable on the Internet. It is obvious now that in Chi a fluorescence measurements, 
we have come a long way since Kautsky’s discovery 73 years ago. Chi a fluorescence lias provided new and 
important information on the composition of the pigment systems, excitation energy transfer, physical changes 
in pigment-protein complexes, primary photochemistry, kinetics and rates of electron transfer reactions in 
Photosystem II (PS II), the sites of various inhibitors, and activators, and of lesions in newly constructed mu- 
tants. The purpose of this chapter is not to present the current and updated information on Chi fluorescence, 
but to guide the readers to the outstanding chapters written by international experts in the field. (Photographs 
of these authors are also included here.) 



I. Introduction 

Chlorophyll (Chi ) a fluorescence is no longer in the 
purview of specialists alone as it has become a routine 
probe for information, sometimes misinformation, 
on the various aspects of photosynthesis. If used 



properly, it informs on the identity of the various 
pigments and pigment complexes, their organization, 
excitation energy transfer among them, and on the 
various electron-transfer reactions, specifically of 
Photosystem II (PS II). For the basics of photosyn- 
thesis, see Rabinowitch and Govindjee (1969), Ke 



Abbreviations (also see the legend of Figure 4): Chi - chlorophyll; CP43, CP47 minor antenna chlorophyll protein complexes in PS II 
core; Cyt - cytochrome; Dl, D2 - polypeptide D1 and D2 of reaction center II; DTT - dithiothreotol; F685, ¥696, F720, F740 - fluo- 
rescence emission bands with peaks at 685 nm, 696 nm, 720 nm and 740 nm; F 0 , F m , F v , F t - fluorescence intensity at the minimal level, 
at the maximal level, F v = F m - F 0 , and fluorescence level at time t; kp, lq, k 0 , k h k tr - rate constants of photochemistry, of fluorescence, 
of other losses, of heat loss, of energy transfer; LHCII, LHCI - Light-harvesting complex II, Light-harvesting complex I; NPQ non 
photochemical quenching of Chi fluorescence; O, J. I. P, S, M, T - names for the various points in Chi fluorescence transient (see foot- 
note 3 ); OEC - oxygen evolving complex; P, p, P and p - degree of polarization of fluorescence, probability of exciton transfer among 
PS II units, Paillotin’s connection parameter, and probability of effective collision; P680, P700 - reaction center Chls of PS II and 
PS I, respectively, with one of their absorption bands at 680 and 700 nm, respectively; PS II, PS I Photosystem II, Photosystem I; Q A 
primary plastoquinone one-electron acceptor of PS II; Q B - secondary plastoquinone two-electron acceptor of PS II; S 0 , S 19 S 2 , S 3 , S 4 
redox states of the oxygen-evolving (tetranuclear Mn) complex, the subscripts refer to the positive charges; Y z (or Z) - tyrosine- 161 
of Dl protein, electron donor to P680 + ; (j> , <|> f - quantum yield of photochemistry, quantum yield of fluorescence; x, x Q - lifetime of 
fluorescence (measured), intrinsic lifetime of fluorescence 
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(2001 ) and Blankenship (2002). 

Photosynthesis is initiated by light absorption. 
Chlorophyll a is one of the central molecules that 
absorbs sunlight and this energy is used to synthe- 
size carbohydrates from C0 2 and water. Figure 1 
shows light absorption by Chi a , Chi b , and other 
photosynthetic pigments (carotenoids, phycoerythrin 
and phycocyanin), as well as Chi fluorescence. (The 
cover of the book is a colored plate of Fig. 1 , but, in 
addition, it includes the spectrum of the sunlight that 
falls on Earth’s surface (courtesy of Nancy Kiang, 
NASA Goddard Institute of Space Studies). The 
chloro portion of the word chlorophyll is from the 
Greek chloros (x^wpog), which means yellowish 
green, and phyllon (tJmXAov), which means leaf. The 
process of photosynthesis is the basis for sustain- 
ing the life processes of all plants. Since animals 
and humans ultimately obtain their food by eating 
plants, photosynthesis can be said to be the source 
of our life also. 

A. Discovery of Chlorophyll Fluorescence 

E. N. Harvey (1957) presented an early history of 
luminescence until 1900. Luminescence is a generic 
word for all types of light emission (delayed light 
emission; thermoluminescence; prompt fluorescence, 
and phosphorescence). A summary of the discovery 
of luminescence follows (Govindjee, 1995): ‘Lumi- 
nescence’ was first observed, in 1565, by Nicolas 
Monardes, a Spanish medical doctor and botanist, in 



the extract of Lignum nephritcum (that was recom- 
mended for curing kidney ailments). (See Berlman, 
1965, for a description of this observation.) However, 
Althanius Kircher ( 1 646) was the first one to discuss, 
at length, its bichromatic appearance. It was yellow in 
transmitted light and blue in reflected light; perhaps, 
the blue light was fluorescence. 

Sir David Brewster (1834), a Scottish preacher, 
first noted the red emission from Chi. While discuss- 
ing his concept of the color of natural bodies, he 
remarked almost in passing ‘In making a strong beam 
of the sun’s light pass through the green fluid, I was 
surprised to observe that its color was a brilliant red, 
complementary to the green. By making the ray pass 
through greater thickness in succession, it became 
first orange and then. . . ’The green fluid in Brewster’s 
experiment was an alcohol extract of laurel leaves. 
It must have contained Chi, the green pigment of 
leaves, as named by Pelletier and Caventou (1818). 
Govindjee (1995) considered it likely that this was 
not only the discovery of Chi fluorescence, but also 
of the phenomenon of reabsorption of fluorescence 
in thick samples. 

The clearest discovery of the phenomenon of fluo- 
rescence was that by Sir John Herschel ( 1 845a,b) in 
a solution of quinine sulfate. He noted the ‘celestial’ 
blue color of this solution, but had unfortunately 
called it epipolic dispersion. The following year 
Brewster ( 1 846) designated it as internal dispersion. 
It was left to Sir G.G. Stokes to call it fluorescence. 
Stokes (1852), professor of mathematics at Cam- 




Fig. /. In vivo absorption spectra of selected photosynthetic pigments from plants, algae and cyanobacteria, and fluorescence spectrum 
of Chi a. Chi a and Chi h absorption spectra, in diethyl ether (Du et al., 1998), were shifted in wavelengths to match the in vivo absorp- 
tion peaks in PS II reaction centers and in light-harvesting Chi a/C hi b complex. Carotenoid absorption spectrum is an estimated (Go- 
vindjee, 1960) in vivo absorption spectrum in green algae. Phycoerythrin and phycocyanin absorption spectra are unpublished spectra 
from Govindjee s laboratory (also see Ke, 2001 ). Chi a fluorescence spectrum, from spinach chloroplasts, is from Fig. 5 (Govindjee and 
Yang, 1966). (See the cover of the book for a colored version of this figure that includes solar spectrum as well (Lean and Rind, 1998). 
(N. Kiang and Govindjee, unpublished, 2004.) 
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bridge University, who is well known for the discov- 
ery that emission bands are shifted to wavelengths 
longer than the absorption bands (the Stokes shift ), 
first used the term dispersive reflexion, but quickly 
added a footnote: ‘I confess that I do not like this 
term. I am almost inclined to coin a word, and call 
the appearance fluorescence, from fluor-spar, as the 
analogous term opalescence is derived from the name 
of a mineral.’ [Latin fluo = to flow + spar = a rock ).] 
Stokes was the first one to recognize this phenomenon 
as light emission. E. Askenasy (1867) credited Stokes 
also for the discovery of both phycobilin and Chi a 
fluorescence in fresh red algae. 

The term ‘phosphorescence’ dates backto the early 
1500s and was so named after the Greek words for 
light (phos, <|)cog) and to bear (phero, <j>epco). In fact, 
the element phosphorus was named from the same 
Greek word, since it was found to produce a bright 
light in the dark. 

1. The Book and Its Authors 

The physicist Leo Szilard once announced to 
his friend Hans Bethe that he was thinking 
of keeping a diary: 7 don’t intend to publish 
it: I am really going to record the facts for 
the information of God’. Don’t you think 
God knows the facts?’ Bethe asked. ‘Yes’ said 
Szilard’. He knows the facts, but he does not 
this version of the facts’ Freeman Dyson, 
Disturbing the Universe (Harper and Row, 
New York, 1979) 

George Papageorgiou and I agree with Leo Szilard; 
thus, the authors of this book have presented their 
versions of the facts. This, of course, has led to some 
contradictory views in this book. The readers’ job 
is to decide which ‘facts’ they agree with. George 
Papageorgiou (Chapter 2) provides basic informa- 
tion on the fluorescence of photosynthetic pigments 
in vitro and in vivo, whereas Neil Baker and Kevin 
Oxborough (Chapter 3) discuss the use of Chi fluo- 
rescence as a probe of photosynthetic productivity. 
EsaTyystjarvi and Imre Vass (Chapter 13) discuss the 
relationship of prompt fluorescence to delayed light 
emission and thermoluminescence. (For a historical 
perspective on thermoluminescence, see Vass, 2003.) 
Other chapters in this book are cited later in this 
chapter. Figure 2 shows a photograph of most of the 
authors in this book. 



B. Relationship of Fluorescence to 
Photosynthesis 

1. Pre-Kautsky Observations 

It was N. J. C. Muller (1874), among others, who 
noticed that a green living leaf had a much weaker red 
Chi fluorescence than a dilute Chi solution. Although 
Muller had predicted an inverse relation between Chi 
fluorescence and photosynthesis, his experiments 
were not done with proper controls. Since both dura- 
tion of experiment and temperature changed during 
his measurements, Govindjee (1995) found it difficult 
to credit him with the discovery of Chi fluorescence 
transient (or induction). Further, Muller’s concepts 
on absorption bands cannot be accepted because he 
used acoustic analogy — vibrations of strings — he 
expected absorption at all the overtones. Transition 
dipoles are not strings. 

2. Kautsky’s Observations 

On 1 9 October 1 93 1, Hans Kautsky and A. Hirsch at 
the Chemisches Institut der Universitat in Heidelberg, 
Germany, submitted a less-than-one page report (a 
‘Karze Originalmitteihing ’) whose title can be trans- 
lated as ‘New experiments on carbon dioxide assimi- 
lation.’ Following illumination of dark-adapted leaves, 
the time course of Clil fluorescence, observed with the 
authors’ eyes, was correlated, although qualitatively, 
with the time course of C0 2 assimilation, published 
earlier by Otto Warburg (1920). The main observa- 
tions illustrated in Fig. 3 were (Govindjee, 1995): (a) 
Chi fluorescence rises rapidly to a maximum, then 
declines and finally reaches a steady level, all within a 
matter of minutes, (b) The rising portion of the curve 
was considered to reflect the primary photochemical 
reaction of photosynthesis, as it was unaffected by 
temperature (0 and 3 0 °C) and by a poison (authors say 
HCN, but it is likely that they used a KCN or NaCN 
solution). If the light was turned off at the maximum, 
the fluorescence transient recovered quickly, (c) The 
decline in the fluorescence curve was found to be 
inversely correlated with the increase in the rate of 
C0 2 assimilation; this suggested to the authors that 
more chemical energy is produced from photons when 
less Chi fluorescence is seen, (d) The long lag in the 



Fig . 2, next four pages. Photographs of the 56 of the 59 authors 
of the 31 chapters in this book. Photographs were provided 
by the authors. 
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Fig. .?. Schematic representation of the Kautsky curve (Kautsky 
and Hirsch, 1931): Chi a fluorescence changes in the leaves, as 
observed by eyes (reproduced from Govindjee,1995). 

carbon assimilation was considered rather strange — it 
seems that ‘light-dependent' processes are required 
for the full development of the carbon assimilation 
process; also unexplained was the long time needed 
for the recovery of fluorescence transient if the light 
was turned off after the transient was completed. I 
consider these observations to be a landmark in the 
history of photosynthesis. Lichtenthaler ( 1992) has 
provided further details about Kautsky and his work 
on Chi fluorescence induction kinetics. Reto Stras- 
ser, Merope Tsimili-Michael and Alaka Srivastava 
(Chapter 12) provide a quantitative view for the 
understanding of the intricacies of Chi fluorescence 
induction or transient. 

C. Basic Equations: Relationship of Photo- 
chemistry to Chlorophyll a Fluorescence 

Since the relationship of Chi fluorescence to pho- 
tochemistry is paramount to its use as a probe of 
photosynthesis, the basic algebra behind this relation 
will be presented below. Upon absorption of light, Chi 
a molecules, in the Chl-protein complexes of Pho- 
tosystem (PS) II, that contain many Chi molecules, 
go to their excited singlet states (Chi r/*); they then 
decay to the ground state by several pathways. The 
quantum yield (<J>) of a process T of the ensemble 
of Chi molecules is related to the rate constants (k's) 
of the various de-excitation pathways (subscripts: 
f for fluorescence, p for photochemistry, o for all 
others that include mainly heat (h) losses; here, the 
rate constant of the excitation energy transfer (k tr ) is 
included in k p as it leads to photochemistry: 

<t>i = kj / (1^ +k p +k c ) (1) 

As a reminder, the k, that is assumed to be a first 
order rate constant, represents the number of transi- 
tions per second, or the number of events per second. 



The inverse of k is nothing else but t (lifetime), i.e., 
the time needed for one transition or event. 

The quantum yield of photochemistry (<b) is writ- 
ten, therefore, as, 

4 >p = k p / ( k I> +k f +k 0 ) (2) 

The quantum yield of minimal Chi a fluorescence 
(<t> lo )> i- e -> when photochemistry is maximal (k p ap- 
proaches a value close to 1): 

<() f0 = k f /(k p +k f +k 0 ) (3) 

The quantum yield of maximal Chi a fluorescence 
(<t) lm (m maximal)), i.e., when photochemistry is 
minimal (kp approaches zero, i.e., it can be neglected; 
this is achieved either at saturating exciting light, or 
in the presence of diuron (DCMU, (3-(3,4- dichloro- 
phenyl)-l . 1 '-dimethyl urea) that blocks electron flow 
beyond the plastoquinone acceptor Q A of PS II) is: 

<L, = V( k f +k o) ( 4 ) 

(<j), m -<j) fo ) /(j) fni can be equated to the maximal variable 
fluorescence (F v = F m - F 0 ) 2 divided by F m (the assump- 
tion being that there are no changes in absorption cross 
section of the fluorescent Chi species, and that there 
are no changes in the incident light intensities): 

(<h„, - <W %m = (Fm - F„)/F m = F v / F m (5) 

Rearranging Eqs. (3) and (4), for the values of <j> fo 
and <j) fm , respectively, we can write for Eq. (5): 

{k f /(k r + k 0 )}- { M^ + kf+kJ}/ {k r /(k f + k 0 )} 

( 6 ) 



2 The F 0 measurement: It is essential to mention that one of the 
common mistakes most first time users of Chi fluorescence make 
is not recognizing that measurement of F v /F m requires that F 0 
be measured precisely. When fluorescence is measured by low 
intensity exciting light, one must do the experiment at different 
low light intensities and choose the intensity where F, does not 
change with time, i.e., the exciting light does not have an actinic 
(actinic means activates photosynthesis) effect. This becomes 
important when DCMU (3-(3,4 dichlorophenyl)-l,l ' dimethy- 
lurea) is present because then the fluorescence rise is fast and 
one can easily miss the true F 0 . Further, DCMU must be added 
in total darkness and the sample should not be exposed to any 
light before measurements are made: Since DCMU functions 
by displacing Q B , even low light can cause quick net formation 
of Q a raising artificially the measured F 0 as Chi fluorescence is 
high when Q A is present. 




10 



Govindjee 



Dividing the numerators by the denominator, we 
have: 

1 - {(kf+kJ/Ckp + k f +k 0 )} =kp/(kp + k f + k 0 ) = <|> p 

(7) 

[Hint: 1 - a/b = (b - a)/b.] 

Thus, F v /F m is a measure of 4> p , quantum yield of 
PS II photochemistry since most Clil a fluorescence 
at room temperature is from PS II (Warren Butler, 
1978). 

The quantum yield of Chi a fluorescence ( (|) f ) is 
related to the rate constants of various pathways of 
de-excitation; k 0 in most cases is composed mainly 
of k h for heat dissipation, as noted above, and k q 
for quenching by quenchers (e.g. carotenoids, 0 2 
triplets, etc.). Here, we separate energy transfer 
(kj from photochemistry (k p ). Thus, Eq. (1) can be 
expanded to: 

<t> f = k f /(k f + k h + k* + k q +k' p ) = k f /2k, (8) 

where, k' p = kp + k, r . 

One of the most highly cited papers about relation- 
ship between the quantum yield of photosynthetic 
electron transport and the quenching of Chi fluores- 
cence lias been that of Genty et al. (1989; Chapter 
3, Baker and Oxborough ). 

Vladimir Shinkarev (Chapter 8) discusses the 
quantitative relationships between Chi a fluorescence 
in multiple flashes with PS II reactions. Several au- 
thors discuss qualitative and quantitative relations 
between fluorescence and photosynthesis: Heinrich 
Krause and Peter Jahns (Chapter 18), Ulrich Sch- 
reiber (Chapter 1 1), Strasser et al. (Chapter 12) and 
William Vredenberg (Chapter 6). Interestingly, the 
views expressed by different authors are often unique 
and have different features. Future experiments are 
needed to substantiate or refute some of the newer 
ideas presented. 

D. Basic Fluorescence Measurements 

For a complete description of the various methods 
used in fluorescence spectroscopy, see Lakowicz 
(1999). 

1. Intensity, Quantum Yield, and Lifetime 

By definition, the absolute quantum yield of fluores- 
cence (<|>f) is obtained by dividing the total number of 



photons emitted (F; integrated over space and time) 
by the total number of photons absorbed by the fluo- 
rescent molecules (I a ). When the only de-excitation 
pathway is fluorescence emission, <|> f can be calculated 
from the expression x = x Q <|> f that relates the actual 
lifetime of fluorescence (x) to the theoretical intrin- 
sic lifetime of fluorescence (x 0 ). x 0 , when the only 
pathway of deexcitation is fluorescence, is inversely 
proportional to the probability of absorption; it is 
measured by the area under the absorption band plot- 
ted on a wave number scale (1/A,, or v/c): 

1/ x 0 = [ 3 x 10 - 9 (v/c) 2 ] A (v/c) e m (9) 

where, A (v/c) is the half-band width of the absorption 
band, e m is the extinction coefficient of the molecule, 
and the quantity within the squared brackets takes 
care of the proportionality between emission and 
absorption (see Clayton, 1970). For a more detailed 
equation, see Brody (1956), as modified from Theodor 
Forster (1951). The precise value of x 0 of Chi a in 
ether is 15.2 ns (Brody, 1956). 

Measurements of F/I a will not agree with <|) f from 
x measurements if there is a change in absorption 
cross-section of the fluorescent pigment bed, such 
as when non-fluorescent complexes are formed. 
Further, in view of the homogeneous emission 
of fluorescence in all directions only a portion of 
fluorescence is measured with constant intensity of 
incident light, and thus, only relative <|> f values are 
usually reported. A major advantage of estimating <j) f 
through measurements of x is that it is independent 
of the concentration of Chi in the sample allowing 
quantitative comparisons of <j> f values between dif- 
ferent samples. 

2. Polarization, Excitation Spectra, Emission 
Spectra, and Kinetics 

a. Polarization 

The polarization of Chi a fluorescence is useful 
for assessing the ordered nature of the pigment 
molecules, their shape and excitation migration in 
a homogeneous pigment assembly. When polarized 
light is used to excite an assemblage of photosynthetic 
pigments, and the observed CM fluorescence is exten- 
sively depolarized, the depolarization is usually due 
to the excitation energy migration among randomly 
oriented Chi molecules. The degree of polarization 
P is defined as: 
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P = (Fpar - F perp) / ( F par + F perp) (10) 

where, F par and F perp are the fluorescence intensities 
of the vertically and horizontally polarized emissions 
when the sample is excited with vertically polarized 
light. Often, anisotropy, r, is the preferred measure- 
ment. It is simply: 

r = ( F pai _ F perp)/ (Fpar + 2F perp ) (H) 

b. Excitation Spectra of Acceptor Fluores- 
cence 

Excitation spectra of Chi a fluorescence in a pho- 
tosynthetic organism is a plot of the number of 
photons emitted by Chi a molecules as a function 
of wavelength of exciting light of equal number of 
incident photons; it is also called action spectra of 
fluorescence. If there is 1 00% excitation energy trans- 
fer from the donor (e.g. Chi b ) to the acceptor (Chi 
a) molecules, the action spectrum follows the sum of 
the percent absorption spectra of both the pigments. 
Flowever, if the action spectrum is lower than the 
percent absorption spectrum, it indicates a lowered 
efficiency of excitation transfer from the donor to the 
acceptor molecules whose magnitude can be precisely 
calculated from this difference. This is the case for 
several accessory pigments. Robert Clegg (Chapter 
4) provides the basics of the mechanism of energy 
(exciton) migration and transfer, whereas Rienk van 
Grondelle and Bas Gobets (Chapter 5) provide an 
overview of transfer and trapping of excitation in 
plant photosystems, while Mamoru Mimuro (Chapter 
7) focuses on exciton migration and trapping and 
fluorescence in cyanobacteria and red algae. 

c. Emission Spectra of Fluorescence 

Emission spectra of fluorophores reflect the energy 
states of the fluorophores that emit light; it provides 
information on the composition of the fluorescent 
pigments in the system. The emission spectrum is 
usually the mirror image of the absorption spectrum 
of first excited state of the fluorophore. It is essential 
that the measured emission spectrum be corrected 
for the spectral distribution of the monochromator 
and photodetector used for the measurement. Most 
of the room temperature Chi a fluorescence in vivo is 
from PS II, but there is also a small but nonnegligible 
amount of fluorescence from PS I (Pfundel, 1998; 



Gilmore et al., 2000). At low temperature (e.g., 77 
K), however, PS I fluorescence increases dramatically. 
Shigeru Itoh and Kana Sugiura (Chapter 9) focus on 
this PS I fluorescence. 

d. Kinetics of Chlorophyll a Fluorescence 

The fluorescence kinetics, which reflect various par- 
tial reactions in PS II occurring at different time scales 
(Chapter 8, Shinkarev ), can be measured after a single 
excitation flash or after multiple periodically applied 
excitation flashes (Doug Bruce and Sergej Vasiel’ev 
(Chapter 19), Paul Falkowski, Michal Koblizek, 
Maxim Gurbanov and Zbignew Kolber (Chapter 30), 
and Schreiber (Chapter 1 1 ); see Section II. A (and the 
legend of Fig. 4) for a background on the names of 
the different intermediates): (1) Decay kinetics, in 
the ps to ns time scale, of Chi a fluorescence after 
short (ps to ns ) light flashes measure the lifetime of 
this fluorescence. (2) Decay of Chi a fluorescence in 
the ns, the ps and the s (or even minutes) time scales 
measures electron flow events from (a) the electron 
donor ‘Y z ’ of PS II to the oxidized reaction center 
Chi a of PS II, P680 + (as fluorescence rises due to 
removal of the quencher of Clil fluorescence P680 + ; 
ns to ps); (b) electron transfer from the primary bound 
quinone acceptor Q A to the mobile quinone accep- 
tor Q b (as CM a fluorescence declines, lOOps to 400 
ps); (c) back flow of electrons from reduced Q A (of 
PS II) or reduced Q B to the donor side of PS II, i.e., 
the oxygen evolving complex (s to min). (3) Increase 
in the quantum yield of fluorescence, in continuous 
exciting light, measures both the electron flow from 
P680 to Q a and then to the plastoquinone (PQ) pool 
(about 1 second); the subsequent decrease is related 
to events involving protonation, among other reac- 
tions (seconds to minutes). Further elaboration of the 
above events will follow in Section V 

E.A List of the Past Books and Reviews on 
Chlorophyll a Fluorescence 

The following books are useful for research on 
Chi a fluorescence: Lakowicz (1999) for all aspects 
of fluorescence; van Amerongen et al. (2000 ) for 
photosynthetic excitons; Govindjee et al. (1986) for 
basic aspects of CM a fluorescence; Lichtenthaler 
(1988) and DeEll and Toivonen (2003) for practi- 
cal applications of CM a fluorescence; and Muttiah 
(2002) for remote sensing applications. 

History of CM fluorescence has been reviewed oMy 
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in a limited number of publications: Duysens (1986) 
presented a historical perspective; Govindjee (1995) 
reviewed Chi a fluorescence measurements since its 
discovery; Dutton (1997) reviewed the first experi- 
ments on energy transfer from fucoxanthin to Chi a; 
Govindjee (1999) presented a historical perspective 
of the role of carotenoids including excitation spectra 
of Chi a fluorescence and Brody (2002) the first mea- 
surements of the lifetime of fluorescence; Mimuro 
(2002) discussed the visualization of energy transfer 
in phycobilin-containing organisms through spectral 
and time resolved picosecond spectroscopy; Delosme 
and Joliot (2002) discussed the first measurements on 
the flash-number dependent period 4 oscillations in 
Chi fluorescence; and P. Joliot and A. Joliot (2003) 
presented the history of the measurements on the 
probability of energy transfer among PS II units. 

Chlorophyll a fluorescence and its relationship 
to photosynthesis has been consistently reviewed 
since a very long time. Two of the earliest discus- 
sions on this topic were by Franck (1949) and by E. 
Katz (1949). However, the reviews beginning in the 
1950s by Franck (1951), Rabinowitch (1951, 1956) 
and Wassink (1951) included detailed discussions 
of the relationships between Chi fluorescence and 
photosynthesis. 

In the 1960s, Butler (1966) and Govindjee et al. 
(1967; see an updated version in 1973) presented 
comprehensive reviews; Robinson (1967) proposed 
the use of terms such as ‘lake model’ for unrestricted 
excitation energy transfer among great many PS II 
units; and Fork and Amesz ( 1 969) wrote a review on 
the action spectra and energy transfer. 

In the 1970s, Govindjee and Papageorgiou (1971), 
Goedheer (1972), Papageorgiou (1975a), Butler 
(1977, 1978, 1979), Hamischfeger (1977), Lavorel 
and Etienne (1977), Duysens (1979) and Govindjee 
and Jursinic (1979) were the major reviewers of dif- 
ferent aspects of Chi a fluorescence. Knox (1975) 
presented theoretical considerations, and Strasser 
(1978) reviewed his so-called ‘grouping model’ of 
PS II units. 

In the 1980s, Bose (1982), Schreiber (1983), 
Krause and Weis (1984), van Grondelle (1985), 
Briantais et al. (1986), Fork and Mohanty (1986), 
Govindjee and Satoh (1986), Lavorel et al. (1986), 
Lichtenthaler et al. (1986), Moya etal. (1986), Murata 
and Satoh (1986), Renger and Schreiber (1986), Sch- 
reiber et al. (1986), Seely and Connolly (1986), van 
Gorkom (1986), van Grondelle and Amesz (1986), 
Holzwarth (1987), Lichtenthaler and Rinderle (1988) 



and Bolhar-Nordenkampf et al. ( 1 9 8 9) reviewed vari- 
ous aspects of Chi a fluorescence. Fork and Satoh 
(1986) reviewed the status of the so-called ‘State 
Changes’. 

In the 1990s, several reviews were published by: 
Horton and Bowyer (1990), van Kooten and Snel 
(1990), Holzwarth (1991, 1996), Karukstis (1991), 
Krause and Weis (1991), Lichtenthaler ( 1 992), Renger 
(1992), Gaevskii and Morgon (1993), Schreiber and 
Bilger (1993), Vyhnalek et al. ( 1 993), Dau ( 1 994a, b), 
Evans and Brown (1994), Govindjee (1995), Joshi and 
Mohanty (1995), Mohammed et al. (1995), Kramer 
and Crofts (1996), Owens (1996), Papageorgiou 
(1996), Sauer and Debreczeny (1996), Campbell et 
al. (1998), Schreiber et al. (1998) and Lazar (1999). 
In 1995, Wydrzynski et al. (1995) edited a special 
volume on Chi a fluorescence. 

In the 2000s, Maxwell and Johnson (2000) and 
Strasser et al. (2000) reviewed basic and quantita- 
tive aspects of Chi a fluorescence. Rohacek (2002) 
discussed various Chi a fluorescence parameters; and 
Saito et al. (2002) discussed remote sensing of Chi a 
fluorescence. Krause and Jahns (2003) discussed the 
application of Pulse Amplitude Modulation (PAM) 
to the physiology of plants; Mimuro and Akimoto 
(2003) reviewed energy transfer from carotenoids to 
Chi in brown algae and diatoms, whereas Mimuro 
and Kikuchi (2003) discussed energy transfer from 
phycobilins to Chi a in cyanophyta and rhodophyta. 
Kromkamp and Forster (2003) reviewed the use of 
variable Chi fluorescence in aquatic systems. Lazar 
(2003) and Trissl (2003) discussed various models 
of Chi fluorescence. 

The chapters in this volume provide extensive 
citations to original papers and reviews on almost all 
aspects of Chi a fluorescence. In spite of this extensive 
literature, many questions remain unanswered. 



II. The Two-Light Reaction and Two- 
Pigment System Concept 

A. The ‘Z’ -scheme of Oxygenic 
Photosynthesis 

Any discussion of Chi fluorescence requires that we 
have the basic understanding of at least the steps in- 
volved in the electron flow in photosynthesis. These 
steps were first described by Robert Hill and Fay 
Bendall (1960 ) in a ‘Z’-scheme. Figure 4 shows a cur- 
rent version; it includes the approximate times needed 
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Fig. 4. The Z-scheme of oxygenic photosynthesis for electron transfer from water to oxidized nicotinamide adenine dinucleotide phos- 
phate (NADP). The symbols are: Mn for Mn cluster: Y z for tyrosine 161 on D1 protein: P680 for a pair of chlorophylls (Oils), the 
reaction center (RC) Oils of Photosystem II (PS II). having one of its absorption bands at 680 nm; P680* for the excited P680: Pheo 
for the primary electron acceptor of PS II: Q A for the primary plastoquinone electron acceptor of PS II: Q B for the secondary plastoqui- 
none electron acceptor of PS II: PQ for plastoquinone pool; FeS for Rieske iron sulfur protein; Cyt f for cytochrome f: Cytb H for high 
potential cytochrome b ^ Cytb L for low potential cytochrome b 6 PC’ for plastocyanin: P700 for a pair of Chi a and Chi a\ the RC Chls 
of PS I: P700* for excited P700; A 0 for primary electron acceptor of PS I. a Chi monomer; A, for secondary electron acceptor of PS I, 
vitamin K.; F x , F A and F B for 3 different iron sulfur centers; Fd for lerredoxin: and FNR for ferredoxin-NADP reductase. Approximate 
estimated times for various steps are also noted on the figure (modified from Whitmarsh and Govindjee. 200 1 ). A circular path (shown 
in light grey) in the Cyt bj' complex symbolizes the existence of a Q-cycle: and a dotted (light giey) line from the electron acceptor 
side of PS I to the PQ/Cyt fr/ region symbolizes the existence of a cyclic flow around PS I under certain conditions. (Modified from 
Govindjee, 2000; Whitmarsh and Govindjee. 2001; and Paul Falkowski. personal communication.) 



for the various steps in the scheme. It represents the 
steps in the pathway of electron transport from water 
to NADP (nicotinamide adenine dinucleotide phos- 
phate ) leading to the release of oxygen, the 'reduction’ 
of NADP to NADPH (by the addition of two electrons 
and one proton ), and the building-up of a high concen- 
tration of hydrogen ions inside the thylakoid (in the 
lumen; needed for ATP production). (For references 
and history, see Govindjee and Krogmann, 2004.) 
This scheme is called the Z-scheme simply because 
the diagram was initially drawn in the form of the 
letter ‘Z’ (Govindjee and Govindjee, 1975; Demeter 
and Govindjee, 1989). (The letter Z also represents 
the zigzag nature of the scheme.) Usually, however, 
it is drawn to emphasize the redox potentials (energy 
levels) of the electron carriers. Thus, it is turned 90 
degrees counterclockwise. It, therefore, may be called 
the ‘N ’-scheme. For references and discussion of the 
various aspects of the Z-scheme, see Ke (2001 ) and 
Blankenship (2002). 

The Z-scheme owes its origin to several investiga- 
tors. First, it was Robert Emerson and his co-workers, 
at the University of Illinois (at Urbana-Champaign) 
who discovered the ‘enhancement effect’ in oxygen 



evolution, which occurred when light absorbed in 
one photosystem (now called PS I) was added to 
light absorbed in another photosystem (now called 
PS II) (Emerson et al., 1957). Experiments with 
chloroplasts, and those using a mass spectrometer, 
absorption spectrometer, a fluorometer and electron 
spin resonance spectrometer were crucial to the 
establishment of the ‘two-light reaction and two-pho- 
tosystem’ concept (see Govindjee, 2000; Govindjee 
and Krogman, 2004 for references and the time line 
of discoveries in oxygenic photosynthesis). It was 
Bessel Kok and co-workers at Baltimore, Maryland, 
and Louis N.M. Duysens, Jan Amesz and co-work- 
ers in Leiden, The Netherlands, who discovered the 
crucial antagonistic effect of light absorbed in PS I 
and PS II on the oxidation-reduction state of the 
reaction center Chi, P700 (Kok, 1959), and of cy- 
tochrome /(Cyt f the electron carrier in the middle 
of the intersystem chain of intermediates; Duysens 
et al., 1961 ). Duysens’ experiments established the 
‘series’ nature of the present scheme (Duysens, 
1989). Light captured by PS I leads to oxidation of 
Cyt/(i.e., takes an electron away from it and places 
it on, say, ‘NADP* ), whereas when light is captured 
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by PS II, oxidized Cyt / is reduced by an electron 
coming from PS II. The theoretical concepts of Hill 
and Bendall (1960 ) and the work of Horst T. Witt et 
al. (1961; see Witt, 2004) in Berlin, Germany, played 
important and crucial roles in substantiating the ‘Z- 
scheme.’ Hints of such a scheme were available in 
the books by Eugene Rabinowitch ( 1 945, 1 95 1 ,1956). 
The final evidence of its validity came from state-of- 
the-art detailed biophysical, biochemical, molecular 
biology, and genetic research in about 20 laboratories 
around the world. 

I describe below the basic steps as a background 
for the various chapters in this book (Fig. 4) The left 
side of the diagram shows an energy scale in terms 
of oxidation-reduction potential (E m ) at pH 7. (At 
pH 7, the standard hydrogen electrode has an E m of 
-0.4 volts.) Intermediates that are higher up in the 
diagram have a lower (more negative) E m and can 
add an electron to any intermediate below them. This 
occurs in electron transfer: from reduced pheophytin 
(Pheo - ) to P700 + (middle of the diagram), from A 0 - (a 
special chlorophyll monomer) to NADP + (top right 
end of diagram), and from H 2 0 to the oxidized form 
of PS II reaction center Chi, P680 + (lower left of dia- 
gram). Energy input is needed to transfer electrons 
from P680 to Pheo and from P700 to A 0 , and this is 
where light energy is required. 

1. The First Step 

Photosynthesis starts with the excitation (see verti- 
cal arrows in Fig. 4) of special reaction center Chi 
a molecules (labeled as P680 in PS II; Zouni et al. 
(200 1 ) and Ferreira et al. (2004 ) for its structure), and 
P700inPS I; Jordan etal. (2001) and Ben-Shemetal. 
(2003) for its structure). The excitation energy comes 
either directly from absorbed photons but, most often, 
by excitation energy (also called exciton) transfer 
from adjacent pigment molecules in assemblies of 
pigment-protein complexes called antennas. (See 
Kuhlbrandt et al. (1994) and Liu et al. (2004) for 
crystal structure of light -harvesting complex.) These 
‘antenna’ pigment molecules (Chls and carotenoids) 
absorb photons and then transfer electronic excita- 
tion energy by a process called resonance excitation 
energy transfer from one molecule to the next, and 
finally to the reaction center (Chapter 4, Clegg). 

The first chemical step happens within only a few 
picoseconds (10 -12 s) when excited P680* transfers 
an electron to Pheo, producing oxidized P680 (P680 + ) 
and reduced Pheo (Pheo - ) in PS II (Greenfield et 
al., 1997; for a historical account, see Seibert and 



Wasielewski, 2003), and excited P700* transfers 
an electron to A 0 , producing oxidized P700 (P700 + ) 
and reduced A 0 (A 0 - ) (Ke, 2002; Chapter 9, Itoh and 
Sugiura ). These are the only steps where light energy 
is converted to chemical energy, precisely oxidation- 
reduction energy. The rest of the steps are downhill 
energy-wise, i.e. spontaneous or exergonic. 

2. The Electron Transfer Steps 

The recovery (reduction) of P680 + to P680 and of 
P700 + to P700 takes place in a time scale of several 
ns to ps. P700 + receives an electron that was passed 
down from reduced Pheo to Q A (which is bound to 
the reaction center II protein complex), then to Q B 
(another bound plastoquinone molecule). Q B , that 
has accepted two electrons from Q A , takes on also 
two protons from the stroma, and then it detaches 
from its protein binding site and diffuses through 
the hydrophobic core of the thylakoid membrane to 
the cytochrome h 6 f (Cyt b 6 f ) complex (see below), 
where the electrons are passed on to an iron-sulfur 
protein (FeS, the Rieske protein) and to Cyt f; the 
electron is then transferred to a mobile copper 
protein PC (plastocyanin) that shuttles between Cyt 
b 6 f complex and the PS I complex; the reduced PC 
carries a single electron to the oxidized P700 + . Thus 
the electron is passed in a ‘bucket fire brigade’ man- 
ner through the ‘intersystem chain of electron (or 
H-atom) carriers’. 

The protein complex Cyt b 6 f (see Kurisu et al., 
2003, for its structure in Mastigocladus laminosus; 
and Stroebel et al., 2003, in Chlamydomonas rein- 
hardtii) contains FeS, Cyt f and two Cyt b 6 molecules. 
It is generally assumed that the ‘bottleneck’, or the 
slowest step of the entire sequence, is the passage 
of an electron from reduced Q B (now in the form of 
plastoquinol, PQH 2 ) to the Cyt b 6 f complex. This step 
involves not only diffusion of PQH 2 but the oxidation 
of PQH 2 by FeS, and the consequent release of two 
protons into the lumen. The combined event takes 
several ms (10 -3 s). On the other hand, several other 
steps may compete to be the bottleneck. (Cyt b 6 plays 
a key role in the Q-cycle; see e.g., Crofts, 2004, for its 
history; and for details, see David Kramer, Thomas 
Averson, Atsuko Kanazawa, Jeffrey Cruz, Borisov 
Ivanov and Gerald Edwards (Chapter 10) In brief, 
the Q-cycle involves the following steps: One of the 
two electrons in PQH 2 goes toward Rieske FeS center, 
whereas the other goes toward one of the two Cyt b 6 
molecules (situated on the lumen side), and then to 
the other Cyt b 6 molecule (situated on the stromal 
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side); this is followed by a second molecule of PQH 2 
repeating the process. This process results in another 
PQ molecule (located on the stromal side ) receiving 
two electrons; the doubly reduced PQ molecule then 
picks up two protons from the stromal side . It diffuses 
to the lumen side to oxidize the Cyt b 6 f again. The end 
result is that for a net oxidation of one PQH 2 molecule 
four protons are released to the lumen side doubling 
the proton to electron transferred (to PS I) ratio. 

In PS I, the electron on Ay is passed ultimately 
to NADP + via several intermediates: A,, a phyl- 
loquinone (vitamin K); F x , F A , and F B which are 
bound iron-sulfur proteins; ferredoxin, which is a 
somewhat mobile iron-sulfur protein; and the enzyme 
ferredoxin-NADP reductase (FNR) which is actually 
an oxido-reductase and whose active group is FAD 
(flavin adenine dinucleotide). 

The missing electron on P680 + is replaced, ulti- 
mately, from water molecules (see the left bottom 
of Fig. 4 ) via an amino acid tyrosine (a specific one 
in D1 protein of PS II, also referred to as Y z in the 
literature) and a cluster of four mangenese ( Mn) ions. 
(For the role of another tyrosine on D2 protein, see 
Rutherford et al., 2004. ) These reactions also require 
a few ms. A minimum of eight quanta (photons) of 
light (four in PS II and four in PS I) are required to 
transfer four electrons from two molecules of water 
to two molecules of NADP + . This produces two mol- 
ecules of NADPFI and one molecule of 0 2 . However, 
the measured minimum number of required photons 
is usually 10-12 per 0 2 molecule (Emerson and 
Lewis, 1943); this is partly due to a possible cyclic 
reaction around PS I. 

3. ATP Synthesis 

The light reactions provide not only the reducing 
power in NADPH but also the energy for making 
and/or release of ATP (from its binding site), both 
essential for producing sugars from C0 2 . ATP is 
produced through an enzyme called ATP synthase, 
from ADP (adenosine diphosphate), inorganic phos- 
phate (P;) and the proton motive force (pmf) across 
the thylakoid membrane. The pmf is composed of 
two components: an electrical potential and a proton 
gradient. The proton gradient comes from the storage 
of protons (hydrogen ions) inside the lumen, giving 
a pH of 6 inside the lumen and pH of 8 outside, in 
the stroma. Then, basically, protons escaping from 
the thylakoid lumen through a central core of the 
enzyme ATP synthase (embedded in the membrane ) 
cause conformational (rotational) changes in the 



enzyme, which catalyzes the phosphorylation of 
ADP and the release of ATP on the stromal side. 
(For historical discussions, see Jagendorf, 2002; and 
Junge, 2004; and for further information, see Kramer 
et al., Chapter 10.) 

To recapitulate, protons are concentrated into the 
lumen in several ways: Oxidation of water not only 
releases 0 2 and ‘sends’ electrons to P680 + , but it also 
releases protons (H + ) into the lumen. When Q B is re- 
duced in PS II, it not only receives two electrons from 
Q a but it also picks up two protons from the stroma 
matrix and becomes PQH 2 . It is able to ‘carry’ both 
electrons and protons and thus it is a H-atom carrier. 
At the Cyt b 6 f complex, it is then oxidized, but FeS 
and Cyt b 6 can only accept electrons (not protons). 
So the two protons are released into the lumen. The 
Q-cycle of the Cyt bf complex provides extra protons 
into the lumen. As discussed above, two electrons 
travel through the two hemes of Cyt b 6 and then reduce 
PQ on the stroma side of the membrane. The reduced 
PQ takes on two protons from the stroma, becoming 
PQH 2 , which migrates to the lumen side of the Cyt 
b 6 f complex where it is again oxidized, releasing two 
more protons into the lumen. Thus the Q-cycle allows 
the formation of more ATP. When NADP + is reduced 
by two electrons, it also picks up one proton, in effect 
removing it from the stroma and further increasing 
the gradient across the membrane. 

B. The 1952 Observations of L. N. M. 

Duysens: Active and Inactive Chlorophylls 

Duysens (1952), based on his own studies on Chi a 
fluorescence excited by phycoerythrin, phycocyanin 
and Chi a and those of French and Young (1952), 
concluded that in cyanobacteria and red algae, there 
are two forms of Chi a: (1) Chi a that is ‘active’ in 
photosynthesis and receives efficient excitation en- 
ergy transfer from the phy cobilins, and is fluorescent; 
and (2) Chi a that is ‘inactive’ in photosynthesis and 
is either non-fluorescent or weakly fluorescent. As 
became known much later, it was this ‘inactive’ Chi 
a that turned out to be the Chi a of PS I! 

C. Photosystem II and Photosystem I Fluores- 
cence: Background 

Different spectral forms of Chi a (see French, 1971) 
are present in different pigment-protein complexes 
of both PS I and PS II. Most of the Chi a fluores- 
cence (approx. 90%) at room temperature originates 
in PS II complexes, PS I complexes being weakly 
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fluorescent. Further, it is only PS II fluorescence 
that varies with changes in photochemistry, i.e. the 
variable Chi fluorescence belongs strictly to PS II. 
Why is PS I weakly fluorescent, and why there is no 
variable fluorescence in it are important questions that 
have not been systematically dealt with yet. Among 
several more, the following hypothesis can be made 
(see Govindjee, 1 995): (a) The reaction center Chi a 
of PS I, the P700, is a deeper energy trap than the 
reaction center Chi of PS II, the P680, and, thus, 
PS I photochemistry may not be ‘trap-limited,’ i.e. 
energy trapping in P700 is more irreversible than 
in P680. As a result, the antenna fluorescence of 
PS I does not compete with PS I chemistry, (b) The 
physico-chemical nature of antenna Chi a of PS I, 
that absorb, on the average, at longer wavelength 
of light is such that k h predominates over k f . We 
know that the lifetime of PS I Chi a fluorescence is 
shorter than that of PS II Chi a fluorescence, i.e. in 
PS I, excitation energy is trapped faster than in PS II 
(Holzwarth, 1991; also see Gilmore et al., 2000). 
Of course, this means a low quantum yield of Chi 
a fluorescence in PS I, as c|) f = t/t 0 . One of the most 
interesting suggestions about the weaker fluorescence 
in PS I has been provided by Borisov (2000): (1) a 
‘new’ (sub-ps) state of PS I RC, that precedes primary 
charge separation, exists; (2) this state forms 5-10 
times faster than the charge separation, and, thus, 
the yield of fluorescence and other losses decrease 
5-10 fold; and (3) dielectric relaxation of hydrogen 
atoms in nearby water molecules prevents the excita- 
tion to return to the antenna Clils, and, thus lowering 
fluorescence. PS II is different because the formation 
rate of the ‘new’ state in PS II is close to that of the 
primary charge separation, leading to a back flow of 
excitation and to higher fluorescence (also see Itoh 
and Sugiura (Chapter 9) for further discussions). 

D. The Two-Light Effect in Fluorescence 

The concept of two light reactions through CM a 
fluorescence studies was first considered by Hans 
Kautsky and U. Franck (1943). They attributed the 
observed rise and fall of fluorescence to two light 
reactions succeeding one another almost immediately, 
one responsible for the rise and the other for the fall. 

E. C. Wassink (1951), however, pointed out that the 
quenching of fluorescence might have been caused by 
a side reaction. Kautsky et al. (1960), based on newer 
experiments on Chi fluorescence in vivo, reiterated 
the suggestion that two consecutive light reactions 
worked in photosynthesis. 



Kautsky et al. (1960) discussed the concept that 
the oxidized state of a compound. A, a member of the 
electron transport chain, determined the quenching of 
fluorescence : when A was oxidized, Chi fluorescence 
was quenched, but when A was reduced, it was not. 
During the Chi fluorescence transient, the rise was due 
to the reduction of A, whereas the successive decline 
was due to its oxidation by the next member of the 
chain, B — the latter was formed from the reduced 
B by another light reaction. The absence of fluores- 
cence decline when the inhibitor phenylurethane was 
present was explained to be due to a block of reoxi- 
dation of reduced A. In their model, A was closer to 
the 0 2 -evolving process, and B to the C0 2 -fixation 
reactions; it now seems that A could be equated to 
Q A (see section II.E). Although the above model is 
quite revealing, it lacked impact because, as stated 
by Govindjee (1995): (a) it ignored the existence of 
the two-pigment-system concept already evolved 
from the work of Emerson et al.( 1 957); (b) it was not 
the correct explanation of the observed fluorescence 
decline; and (c) it was published in a journal that 
many scientists may not have read. As noted above, 
Hill and Bendall (1960) had proposed a scheme of 
two light reactions that included a step for providing 
energy for ATP synthesis during a downhill process 
between the two light reactions (see Duysens, 1989, 
for the historical perspective of the discovery of the 
two-light reaction scheme ). For further discussions on 
history, see Wild and Ball (1997), Govindjee (2000) 
and Govindjee and Krogmann (2004). 

Govindjee et al. (1960) discovered the two-light 
effect in Chi fluorescence in Chlorella cells: far-red 
light (absorbed in the long-wavelength pigment 
system, later known as PS I, Duysens et al., 1961) 
quenched the high Chi a fluorescence (excited by 
blue or 670 nm light, the short- wavelength pigment 
system, PS II) in Chlorella cells. This antagonistic 
effect of light I and II on Chi a fluorescence yield 
was considered fluorescence evidence for the two- 
light-reaction two-pigment-system concept of 
photosynthesis. Butler (1962) demonstrated, in a 
more impressive manner, the same phenomenon in 
anaerobic leaf with red (650 mn, PS II) and far-red 
(720 nm, PS I) light. 

£ Introduction of‘Q’ (QJ, the ‘Quencher of 
Chlorophyll Fluorescence’ 

Duysens and Sweers (1963) provided the current 
explanation of the experiments discussed above: light 
II, absorbed in PS II, reduces a quencher of Chi a 
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fluorescence, labeled as Q, and light I, absorbed 
predominantly by PS I, oxidizes Q back to Q. The 
herbicide DCMU blocks the reoxidation of Q , but 
not the reduction of Q. Today, Q is known as Q A and 
was shown to be a PQ molecule (van Gorkom et al., 
1978). The antagonistic effect of light I and II on 
Chi a fluorescence yield is a useful tool to investi- 
gate the site of an inhibitor between Q A and P700, 
the reaction center Chi a of PS I, as shown, e.g. for 
bicarbonate-reversible formate inhibition (Govindjee 
et al., 1993a). 

F. Separation of Photosystem II and 
Photosystem I Fluorescence 

1. Physical Separation 

Boardman and Anderson ( 1 964), using the detergent 
digitonin, physically separated suspensions of thyla- 
koid membranes in two fractions: a heavier fraction, 
that was enriched in PS II activity, and a lighter frac- 
tion, that was enriched in PS I activity. This was fol- 
lowed by observations of fluorescence characteristics 
of these two fractions by Boardman et al. ( 1 966) and 
Cederstrand and Govindjee (1 966). Compared to the 
PS II-enriched samples, the PS I-enriched samples 
had a higher ratio of F735 to F696 (at 77 K); and the 
696 nm band was present mostly in PS II-enriched 
fractions. (Figure 5 shows the emission bands in 
unfractionated thylakoids.) At room temperature, the 



PS I-enriched fraction, whose peak absorption was 
at a longer wavelength than the peak absorption of 
the PS II-enriched fraction, had also a higher degree 
of polarization of Chi a fluorescence. 

2. Fluorescence of the Pigment Systems 

We focus here on emission spectra as they are what 
characterize Chls from other photosynthetic pig- 
ments. Although Chi a fluorescence is heterogeneous 
at room temperature because of the existence of two 
photosystems (PS I and PS II)), the major fluores- 
cence band at 683-685 nm and its vibrational satellite 
at 720-735 nm originate mostly in the PS II antenna 
complexes (Fig. 5A). I am unable to state the exact 
proportion of fluorescence that comes from each of 
the PS II pigment protein complexes. I suggest that 
most of the variable Chi a fluorescence originates in 
the CP 43 and the CP 47 Chi a protein complexes, 
with CP 47 being responsible for a weak 693-695 
nm emission when PS II reaction centers are closed 
either by strong light or by the addition of DCMU 
that blocks electron flow. The existence of the weak 
693-695 nm emission at room temperature was shown 
by Krey and Govindjee (1964, 1966), Papageorgiou 
and Govindjee (1967, 1968a,b) and Govindjee and 
Briantais (1972). On the other hand, a PS I emission, 
that may be from an ‘ordered’ set of Chi a molecules, 
is centered around 705-7 1 5 nm (Lavorel 1 963; Wong 
and Govindjee 1979; Goedheer 1981). (For further 
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Fig. 5. Emission spectra of spinach thylakoids. (A) Room temperature emission spectra. Chi a fluorescence as excited by 635 nm (hav- 
ing slightly more light going to PS I than to PS II) and by 650 nm (having slightly more light going to PS II than to PS I). (B) Low 
temperature (77 K, labeled as -196 °C) emission spectrum excited by 635 nm light. At room temperature, fluorescence band at 685 nm 
originates in PS II antenna; and a very small amount in the 710-760 nm region from PS I antenna. At 77 K, the emission bands at 685 
and 696 nm are suggested to originate mostly from PS II antenna, and those around 727 nm and 738 nm mostly from PS I antenna. (Data 
of Govindjee and Yang, 1966; redrawn from Govindjee, 1995) (For further discussion on emission bands, see Papageorgiou (Chapter 
2), Mimuro (Chapter 7), Itoh and Sugiura (Chapter 9), and Van Grondelle and Gobets (Chapter 5).) 
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discussion of additional or different PS I fluorescence 
band(s), see Chapter 9, Itoh and Sugiura.) 

At 77 K, however, Chi a in vivo produces, at least, 
four emission bands: F685, F695, F720 and F740 in 
addition to the long wavelength shoulders due to the 
various vibrational satellite bands (Fig. 5B). Brody 
(1958) discovered that cooling the cells of green 
alga Chlorella to 77 K leads to the formation of a 
new broad emission band at about 725 nm. It was 
shown by Govindjee and Yang (1966) and Clio and 
Govindjee (1970a) to be composed of, at least, two 
bands. Mar et al. (1972) showed that it could also be 
distinguished from F685 as it had a longer lifetime of 
fluorescence. Although Litvin and Krasnovsky (1958) 
had observed the existence of a band at 695 nm in 
etiolated leaves (originating in a Chi precursor), it was 
in 1 963 that the existence of F695 was discovered and 
recognized to originate in PS II (Bergeron, 1963; S. 
S . Brody and M. Brody, 1 963 ; Govindjee, 1963; Kok, 
1963). Although it was recognized independently 
in three laboratories that F685 and F695 belong to 
PS II and F720 and F740 to PS I (Boardman et al., 
1966; Cederstrand and Govindjee, 1966; Govindjee 
andYang, 1966;Murataetal., 1966a), earlier assign- 
ments to particular protein complexes were in error. 
Contrary to earlier beliefs, F685 cannot belong simply 
to light-harvesting complex lib (LHCIIb) since it is 
present in LHCIIb-lacking organisms (e.g., Gony- 
aulux polyedra, see Govindjee et al., 1979). (For a 
discussion of the assembly of LHCIIb, see Chapter 27, 
Hoober andAkoyunoglou.) Although their complete 
assigmnent is still not fully established, most of F685 
and F695 belong to Chi a in core PS II complexes 
(Gasanov et al., 1979; Rijgersberg et al., 1979), and 
F720 and F740 to PS I reaction center I, containing 
intrinsic antenna Chls, and light harvesting complex 
I (LHCI), respectively (Mullet et al., 1980a, b). Naka- 
tani et al. (1984) correctly assigned F685 to originate 
in CP43 Chi a and F695 to Chi a in CP47. The F720 
band originates in a Chi a complex absorbing at 695 
nm (Das and Govindjee, 1967) and F740 in a Chi 
a complex absorbing at 705 nm (Butler 1961). On 
the other hand, a band at 680 nm (F680) appears at 
4K only when LHCIIb is present (Rijgersberg et al., 
1979). Thus, F680 belongs to Chi a from LHCIIb; it 
cannot be normally observed due to highly efficient 
transfer from it to other complexes. In addition, 
Shubin et al. (1991) have observed a new emission 
band in a cyanobacterium Spirulina platensis at 758 
mn (F758), at 77 K, which originates in a Clil com- 
plex with an absorption band at 735 nm (Chl 735 758 ). 
Interestingly, tMs complex transfers its excitation 



energy to the oxidized form of the reaction center of 
PS I, P700 + , and thus, quencliing of F758 is observed 
during the photo-oxidation of P700. 

For the spectral properties and the biological 
significance of dimeric and trimeric Chi a in PS I 
that absorb light at longer wavelengths (‘red CM a ’) 
than P700, the primary electron donor of PS I, see 
van Grondelle and Gobets (Chapter 5) and Itoh and 
Sugiura (Chapter 9). 



III. Photosynthetic Unit and Excitation En- 
ergy T ransfer 

A. Photosynthetic Unit 

Hans Gaffron and K. Wohl (1936a,b) interpreted the 
results of Emerson and Arnold (1932a, 1932b) on 0 2 
evolution, in brief saturating repetitive light flashes, 
as follows. A collection of 2400 Chi molecules 
somehow cooperates to evolve, with high quantum 
efficiency, one molecule of 0 2 : light energy, absorbed 
anywhere in this unit, the photosynthetic unit, mi- 
grates by ‘radiatioMess excitation energy transfer’ to 
the photoenzyme where several excitons (in today’s 
language) cooperate to initiate photosynthesis. For 
a glimpse of one of the classical papers on energy 
transfer by Forster (1946), see the box on the next 
page. (For a detailed discussion of excitons and 
their fate in photosynthesis, see van Amerongen et 
al., 2000. ) This is in contrast to diffusible chemicals 
being formed at each site, and then diffusing to the 
photoenzyme. This concept of a photosynthetic unit 
composed of many pigments serving a photoenzyme 
has been conceptually supported by the discovery of 
excitation energy transfer and of the reaction center 
CMs labeled as P700 (Kok, 1956 ) and P680 (Doting 
et al., 1 967 ) and the many pigment-protein complexes 
that contain oMy antenna or bulk pigments. 

G. Wilse Robinson (1967) coined the terms lake 
versus puddles for the organization of antenna and 
reaction center cMomophores. In the lake model, also 
called the statistical or the matrix model, the exciton 
may freely visit all reaction centers . In contrast, in the 
isolated puddles, the separated units, or the restricted 
model, the exciton can visit only its own reaction 
center. However, the situation is ‘in-between’, i.e. 
there is some probability of energy exchange between 
the different puddles. Looking at the existence of 
various pigment-protein complexes, it is quite likely 
that a ‘pebble-mosaic’ model (Sauer, 1975) may be 
the real picture. (For further literature citations and 
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Margitta and Robert Clegg (Department of Physics, University of Illinois at Urbana, Illinois, Urbana, IL 
61801, USA) provided me with the following translation of the beginning paragraphs of the classical paper 
by Theodor Forster (1946 ) Energiewanderung und Fluorescenz, Die Naturwissenschaften 33 (6): 166-175. 
Robert Clegg wrote, ‘This is a jewel of a paper — too bad that most people have not read it, and usually 
people do not know of its existence. It is almost never referenced. But it came before all the other articles 
that Forster published on the topic, and has essentially the major parts of his Fluorescence Resonance 
Energy Theory (FRET). Forster already remarked in this paper that this process was important for photo- 
synthesis. This paper was written right after the World War II, interestingly from his home (Niedemjesa, 
Rr. Gottingen, a village in the area of Gottingen. Germany).’ 

! Recently , , the so-called process of energy transfer has been discussed in connection with photo- 
biological events (26). It seems that for various biological systems a quantum of energy that has been 
absorbed by a particular molecule does not evoke a change at the particular molecular location 
where the quantum has been absorbed , but the chemical change transpires with a second molecule 
that is spatially removed from the initially absorbing molecule. Thereby the energy is transferred 
over distances that are large relative to the contact distances between adjacent molecules , , and 
the energy transfer process extends beyond the influence of chemical valence and other chemical 
intermolecular interactions. 

Such a process of energy transfer provides a rationalization for certain observations of carbon 
dioxide assimilation in plants. According to measurements of EMERSON and ARNOLD (6) on 
algae Chlorella , short-term high intensity light pulses (sparks) bring about a saturation phenom- 
enon whereby a certain threshold of carbon dioxide assimilation cannot be exceeded , no matter 
how intense the light pulse is. This saturation level is attained when between 2 and 4 light quanta, , 
which are required for the reduction of one carbon dioxide molecule , , are absorbed per 1000 chlo- 
rophyll molecules. GAFFRON and WOHL (10, 45) conclude from this result that this number of 
molecules act collectively to accomplish the reduction of one carbon dioxide molecule. Since it must 
be assumed that this chemical reduction process takes place at distinct localities, this interpreta- 
tion requires that the energy is propagated from the location of individual absorbing chlorophyll 
molecules to the location where the reduction takes place. This interpretation also explains the 
saturation level of assimilation for continuous light illumination, as well as the lack of an induction 
period that would be necessary if a single chlorophyll molecule were obliged to gather the multiple 
photons required for reducing one carbon dioxide molecule. All these processes involving carbon 
dioxide assimilation are accounted for by the assumption of distinct localities for carbon dioxide 
assimilation, and they all give similar quantitative estimates of participating molecules! ... 

In order to understand these [energy transfer] processes, it is prudent to observe similar processes 
with non-biological material! ... 

Fluorescence processes with solutions of dye molecules have been known for a longer time that 
can be interpreted in terms of such energy transfer models! ... 

[References cited above were: (6) Emerson R and Arnold WA (1932) J Gen Physiol 15: 391-420; J Gen Physiol 16:191-205; (10) Gaf- 
fron H and Wohl K (1936) Naturwiss 24: 81-90; Naturwiss 24: 103-107; (26) Moglish von F, Rompe R and Timofeeff-Ressvosky NW 
(1942) Naturwiss 30: 409-419 (45) Wohl K (1937) Z Physikal Chem 37: 105-121] 
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discussion, see Kramer et al.,2004.) It still remains 
a challenge to provide a complete mathematical and 
physical model for exciton migration in oxygenic 
photosynthesis. 

Whether there is a directed or a random exciton 
migration must depend on many factors including the 
relative energy levels of the donors and the accep- 
tors. The directed model (the funnel model) seems to 
be appropriate for heterogeneous energy transfer in 
phycobilisomes, or even when one deals with transfer 
from short wavelength to long wavelength forms of 
Chi a (Govindjee etal., 1967; Seely, 1973). However, 
a random migration is more appropriate for homoge- 
neous energy transfer among isoenergetic pigment 
molecules (see discussion in Pearlstein, 1982). 

Butler and Strasser (1977), Strasser and Butler 
(1977, 1978) and Strasser (1978) have discussed 
various bipartite or tripartite and grouping models 
of organization of pigments. These concepts have 
been extensively used in the literature, and discussed 
at length in Strasser et al. (Chapter 12). 

B. Excitation Energy Transfer and Migration 

A detailed and mechanistic picture of excitation 
energy (exciton) transfer is only possible when the 
distances and orientations of the chromophores are 
known accurately. A major breakthrough in this 
direction has been the visualization of the structure 
of major light-harvesting complex of higher plants 
(LHCII) on the basis of electron diffraction (Kiihl- 
brandt et al., 1994), and X-ray crystallography stud- 
ies (Liu et al., 2004). The derived models show the 
detailed arrangement of individual Chi a and Chi b 
molecules, and their orientations and distances. From 
Forster’s resonance theory (Forster, 1946, 1948), 
one can calculate excitation energy transfer from 
one molecule to another — the rate of this transfer is 
dependent upon three crucial parameters: (a) 1/R 6 , 
where R is the distance between the donor and the 
acceptor molecules; (b) (k) 2 , where k (orientation 
factor) = coscx - 3 cos|3[ cos|3 2 ; here, a is the angle 
between the dipoles of the acceptor and donor mol- 
ecules, whereas !>, (or |3 2 ) is the angle that the line 
that joins the two dipoles (the vector) makes with 
the dipole of the donor (or the acceptor); and (c) the 
overlap of energy levels, as calculated by the overlap 
integral between the fluorescence spectrum of the 
donor and the absorption spectrum of the acceptor 
molecule (For a complete description and methods, 



see van Grondelle and Amesz, 1986; Clegg (Chapter 
4), and Yang et al.,2003.) 

In Forster’s theory, excitation energy transfer from 
a donor (at a higher energy state ) to an acceptor (usu- 
ally at a lower energy state) occurs after the excited 
donor molecule looses some energy as ‘heat’. The 
overlap integral between donor and acceptor mol- 
ecules is temperature dependent. Thus, temperature 
dependence of energy transfer had been predicted. 
Clio et al. (1966) and Clio and Govindjee (1970a) 
observed changes in emission spectra of Chlorella 
cells as they decreased temperatures down to 4K; 
similar changes were observed in cyanobacterium 
Anacystis (Clio and Govindjee, 1970b). Although 
other interpretations are possible, these results were 
taken to support the Forster theory for energy transfer 
from phy cobilins to Chi a and for transfer from Chi a 
fluorescing at 685 nm to that fluorescing at 695 nm 
(see a review in Govindjee, 1999). 

Excitation energy migration (homogeneous en- 
ergy transfer) studies among Clil a molecules were 
pioneered by William Arnold and E. S. Meek (1956) 
through the observation of depolarization of Clil fluo - 
rescence. Similar investigations were later pursued 
in my laboratory by Ted Mar and Daniel Wong (Mar 
and Govindjee, 1972; Wong and Govindjee, 1981) 
and by Whitmarsh and Levine (1974). A decrease 
in the polarization of Chi fluorescence by closure 
of PS II reaction centers was taken as evidence of 
increased energy migration. However, due to a lack 
of detailed knowledge of the orientation of dipoles, 
and due to a possible lack of coherence of excitons 
even after one or two transfers, conclusions from 
such studies have been rather limited, and extraction 
of quantitative information about energy migration 
rather difficult (Knox, 1975). 

The existence of excitation energy transfer (het- 
erogeneous energy transfer), however, has been 
convincingly shown by the technique of steady-state 
sensitized fluorescence, from fucoxanthol to Clil a 
(Dutton etal., 1943; see Dutton (1997) forahistorical 
article), from phycobilins to Clil a (Duysens, 1952; 
French and Young, 1952) and from Clil b to Clil a 
(Duysens 1952). Excitation in the absorption band 
of the donor molecule shows a quenching of the 
donor fluorescence and a stimulation of the acceptor 
fluorescence. 

Muller (1874) had already commented on the lower 
fluorescence intensity of leaves over that in solution, 
implying the use of the absorbed energy in a leaf for 
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photosynthesis. This concept was emphasized when it 
was noted that the quantum yield of Chi a fluorescence 
in vivo is 0 03-0 06 in contrast to 0-25-0 30 in vitro 
(Latimer et al., 1 956) — the majority of the absorbed 
photons in vivo must be used in photosynthesis Since 
the quantum yield of fluorescence (<|> f ) is directly 
proportional to the lifetime of fluorescence (x), and 
since the latter can also provide unique information on 
the primary photochemical events of photosynthesis, 
a major advancement was made when Brody and 
Rabinowitch (1957) and Dmetrievsky et al. (1957), 
independently, and by independent methods (direct 
flash and phase shift), measured the lifetime of Chi a 
fluorescence in vivo. Even in the very first paper. 
Brody and Rabinowitch ( 1 957) showed that there was 
a delay in observing Chi a fluorescence when phy- 
coerythrin was excited, showing that energy transfer 
takes a finite time when it moves from phycobilins to 
Chi a. (See Brody, 2002 for a historical perspective.) 
Tomita and Rabinowitch (1962) calculated this time 
to be about 300 ps and the efficiency of the energy 
transfer to be 80-90%. The time of energy transfer 
from Chi b to Chi a was too fast to be resolved, but 
the efficiency of transfer was confirmed to be 1 00%, 
as found earlier by Duysens (1952) in steady-state 
measurements. 

Indeed, when ultrashort (femtoseconds to pico- 
seconds) flashes of light are used to excite donor 
molecules, one can measure precise times for the 
transfer of excitation energy from the donor to the 
acceptor molecule: as the donor fluorescence sub- 
sides, the acceptor fluorescence appears. A beautiful 
cascade has been observed in the red algae where one 
can follow precisely the excitation energy transfer by 
this technique, from phycoerythrin to phycocyanin 
to allophycocyanin (Yamazaki et al., 1984; also 
see Mimuro, 2002, for a historical article). These 
events occur in picosecond time scale (Fig. 6). For a 
current discussion of excitation energy transfer, see 
chapters by Clegg (Chapter 4), van Grondelle and 
Gobets (Chapter 5), Mimuro (Chapter 7) and Itoh 
and Suguira (Chapter 9). 

C. Chlorophylls in Crystal Structures of Light- 
harvesting Chlorophyll Complex , Photosys- 
tem II, Photosystem I and in Cytochrome b 6 f 
Complex 

We have come a long way since the discovery of Chi 
fluorescence in vitro and in pigment protein com- 
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Fig. 6. Excitation energy transfer in the red alga Porphyridium 
cruentum as deduced from time (0 to 486 ps ) -dependent emission 
spectra. PE refers to phycoerythrin; PC to phycocyanin; APC to 
allophycocyanin; and Chi a for chlorophyll a. Excitation was with 
a 6 ps 540 nm flash, absorbed mostly in PE. PE fluorescence is 
at -575 nm. By about 100 ps, PC and APC fluorescence bands 
are clearly observed, and Chi fluorescence overtakes them as 
time progresses from 179 ps to 486 ps. These experiments 
clearly show that the path of excitation energy transfer is PE 
to PC to APC and then to Chi a (Data of Yamazaki et al., 1984; 
reproduced from Govindjee, 1 995). (For further information, see 
Chapter 7, Mimuro.) 

plexes. Distances and orientations of specific Chi mol- 
ecules are known; thus, we can begin to think about 
the mechanisms of energy transfer. For example, most 
Chi a molecules in LHC I are separated by more than 
1 8 A from the Chi molecules of the nearest reaction 
center (Ben-Shem et al., 2003). However, there are 
three contact regions where the distances are reduced 
to 10-15 A. Due to the 1/R 6 dependence of energy 
transfer, they must play a significant role in increas- 
ing the rate of energy transfer to the reaction center. 
On the other hand, specific Chi molecules have been 
identified in CP-47 (one of the inner antennae of PS 1 1 ) 
that form a stack in the middle of the protein leading 
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to the suggestion that they may aid in fast energy 
transfer processes (Ferreira et al., 2004). Liu et al. 
(2004) have gone a step further in their discussion of 
the arrangement of Chls in LHCII: they suggest that 
a specific Chi a numbered 612 may be the putative 
terminal fluorescence emitter. The most intriguing 
observation is the existence of a single Chi a molecule 
in Cyt b 6 f complex (Kurisu et al., 2003; Stroebel et 
al., 2003). It is located between subunits F and G of 
the subunit IV, with its 20-carbon phytyl chain thread- 
ing through the p-side redox chamber into the central 
cavity; unfortunately, the bound 9-cis 0-carotene is 
too far (at least 14 A) to quench the Chi triplet! It 
may be just a ‘filler’ of space. Perhaps, it is simply 
a vestige of evolution (Xiong et al., 2000). I wonder 
if its fluorescence can be used to probe the function 
and the reactions in the complex. 



IV. The Fluorescence Transient 
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Fig. 7. The O-J-I-P Chi a transient (solid line) from pea leaf 
(Strasser and Govindjee, 1992; reproduced from Govindjee, 
1995). The light grey curve is an idealized curve for the transient 
in the presence of DCMU (3-(3,4)-l, l ' dichlorophenyl dimethyl 
urea). Excitation, 650 nm; - 2.000 pmol photons nr 2 s~ l (For 
further information, see Schieiber (Chapter 1 1) and Strasser et 
al.(Chapter 12).) 



Figure 7 shows a characteristic fluorescence transient 
in a pea leaf. A dark-adapted leaf (or a chloroplast 
suspension from higher plants, algal or cyanobac- 
terial cells) shows characteristic changes in Chi a 
fluorescence intensity with time when illuminated 
with continuous light. These changes have been 
called fluorescence induction, fluorescence transient 
or simply the Kautsky effect. They are classified as 
fast (up to 1 s; labeled as OJIP; see section IV. B) and 
as slow (up to several minutes; labeled as PSMT; see 
footnote 3 ) changes. During the O to P phase, fluores- 
cence rises and during the P toT decline fluorescence 
declines to a steady state. These transients have been 
the subject of a vast number of studies and continue 
to be used as qualitative and even quantitative probes 
of photosynthesis. The fast changes have been a bit 
easier to interpret than the slower changes. For further 
details, see Schreiber (Chapter 1 1 ) and Strasser et al. 
(Chapter 12, this volume). 

A. Some Correlations 

1. Complementarity 

Kautsky and Hirsch (1931) had already mentioned the 
antiparallel (complementary ) relation between Chi u 
fluorescence and photosynthesis. Complementarity 
was quantitatively established by MacAlister and My- 
ers ( 1 940) during the DPS* transient. Delosme et al. 
( 1 959) confirmed it but they showed also that during 



the OI phase photosynthetic 0 2 evolution and Chi a 
fluorescence increase in parallel. Thus, the OID phase 
of the fluorescence transient is actually an ‘activa- 
tion’ phase before (Revolution begins. Papageorgiou 
and Govindjee ( 1 968a,b) and Mohanty et al. ( 1 97 1 a) 
showed the parallel increase in fluorescence during 
a later phase, the SM 3 phase, and constancy of 0 2 
evolution during the MT 3 decline. Thus, it is clear 
that the antiparallel relation between fluorescence 
and photosynthesis is observed only under certain 
experimental conditions, namely when k p + k, = 
constant and k 0 = constant (see Eq. (2)). When these 
conditions are not satisfied, the antiparallel relation 
between Chi a fluorescence and photosynthetic 0 2 
evolution breaks down. Kautsky and Hirsch ( 1931 ) 
have mentioned that it took a long dark time to restore 
the transient if the light was turned off after a long 
period of illumination. Duysens and Sweers (1963) 
showed that the OPS transient was not restored if 
light was turned off at the ‘S’ level and turned back 
on immediately. The hypothesis of Q (now called 

3 The terms ‘O’, T, ‘D\ ‘P\ ‘S', ‘M’ and 'T\ in the chlorophyll 
fluorescence transient, refer to the initial fluorescence levels, the 
‘origin’ (O), the ‘intermediate’ (I), ‘dip’ (D), ‘peak’ (P), ‘semi 
steady state' (S), ‘a maximum' (M), and a ‘terminal steady 
state' T* (see Lavorel, 1959; Bannister and Rice, 1968; Munday 
and Govindjee. 1969a.b: Govindjee and Papageorgiou. 1971; 
Papageorgiou. 1975a; Yamagishi et al.. 1978; and Govindjee, 
1995). Quite often ‘M’ is just a shoulder and one refers to ‘T' 
simply as 'S' (for steady state). 
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Q a ) was that Chi fluorescence increased when Q A 
was reduced and decreased when Q A ~ was oxidized. 
If this was the only factor controlling OPS transient, 
the transient should have been restored right away. 
Mohanty and Govindjee (1974) and Briantais et 
al. (1986) discussed the dual nature of this phase 
extensively: one related to Q A and the other to some 
‘high energy state.’ Papageorgiou and Govindjee 
(1971) showed a relationship of Chi fluorescence to 
the suspension pH, whereas Briantais et al. (1979) 
showed a relation of proton gradient changes with 
the P to S decay. In terms of Eq. (8), this implies 
that another rate constant (perhaps, k h ), besides k p , 
is affected by pH changes. 

2. Plastoquinone Pool Size 

The O (I D)P rise is mostly due to the decrease in the 
concentration of Q A and, thus, to the accumulation of 
Q A .The area over the fast phase of Chi a fluorescence 
transient (OIDP) measures the size of the electron 
acceptor pool of PS II, the plastoquinone (PQ) pool 
size, provided, e.g. the same area can be measured, 
under similar experimental conditions, when the PQ 
pool cannot be reduced, and only Q A can be reduced; 
this condition is obtained when an inhibitor, such as 
DCMU, is added to the sample. The earliest calcula- 
tions of the acceptor pool were made by Malkin and 
Kok (1966) and by Murata et al. (1966b). The area 
that is bound by the Chi a fluorescence transient mea- 
sured in the presence of DCMU and the asymptotes 
that are parallel to the time axis (abscissa) and the 
fluorescence intensity axis (ordinate) corresponds 
to one electron equivalent (on Q A ). The same area 
without DCMU corresponds to the total number of 
electron equivalents of the electron acceptor pool 
downstream of PS II. Such experiments have, in 
general, provided estimates of 9—10 PQ molecules 
for the PQ pool size. However, seeTrissl et al. (1993) 
and Trissl and Lavergne (1995) for a discussion of 
potential problems. Further, Vredenberg (Chapter 6) 
challenges these interpretations in light of his ‘three- 
state’ hypothesis, which considers the PS II reaction 
centers fully closed only when both pheophytin and 
Q a are reduced. Further research is needed to make 
estimates of PQ pool more precise. 

3. Sites of Inhibition 

A simple and effective use of the Chi a fluorescence 
transient is for identifying lesions, caused by muta- 



tions or inhibitors either on the electron donor side 
of PS II, or on the electron acceptor side. A block in 
the electron flow beyond PS II, e.g. after the electron 
acceptor Q A (Duysens and Sweers 1963), causes a 
faster fluorescence rise (OP) to a high steady level. 
In the course of such experiments, Vernotte et al. 
(1979) discovered that Chi fluorescence was often 
about 10-20% higher when the PQ pool was fully 
reduced (saturating light, no DCMU). (Also see 
discussions by Kramer et al.(Chapter 10), Schreiber 
(Chapter 11) and Falkowski et al. (Chapter 30).) 
This was interpreted as a direct quenching of Chi 
fluorescence by the oxidized PQ pool. If, however, 
the block is in the electron flow on the donor side of 
PS II, e.g. between H 2 0 and P680 (the reaction center 
Chi a of PS II), a slower Chi a fluorescence rise occurs 
and the fluorescence remains low. This condition is, 
however, restored to normal if the cause of the block 
is removed (Mohanty et al., 1971b; Critchley et al., 
1982; Metz et al., 1989). (For fluorescence induc- 
tion measurements with repetitive light pulses, see 
Bruce and Vasiel’ev (Chapter 19) and Falkowski et 
al.( Chapter 30).) 

B. The Fast Transient of Chlorophyll a 
Fluorescence( OJIP) 

When a dark-adapted photosynthetic organism 
is exposed to light, Chi fluorescence rises from a 
low level (F 0 ) to a high level (F p ), as discussed in 
Sections I.B and IVA. This is the fast phase of the 
fluorescence induction or transient, and reflects 
PS II activity. Most of the literature on fluorescence 
transient had used the term OIDP for the fast fluo- 
rescence transient, and it had been tacitly assumed 
that the OI phase, measured during transients by all 
investigators (Munday and Govindjee, 1969a, b), is 
equivalent to the photochemical phase OI, recorded 
at high intensity excitation, and with fast measuring 
instruments, where a gun was used to open the shut- 
ter rapidly (Morin, 1964; Delosme, 1967). However, 
using a Walz LED fluorometer, originally developed 
by Schreiber et al. (1986), and at extremely high 
intensity excitation light, Neubauer and Schreiber 
(1987) and Schreiber and Neubauer (1987) discovered 
that the OIDP should be represented as OI, (D,) I 2 
(D 2 ) P transients since there were two, instead of one, 
inflection(s) between O and P. Using a commercial 
Hansatech LED instrument PEA (Plant Efficiency 
Analyzer), Strasser and Govindjee (1991, 1992) 
observed two inflections between O and P, and la- 
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beled them as J and I, not I and J, or I, and I 2 . (See 
Fig. 7 for a OJIP transient curve; also shown is the 
transient curve with DCMU addition.) Measurements 
of Strasser et al. (1995) on the intensity dependence 
of the quantum yield of fluorescence at O, J, I and 
P revealed that the J is equivalent to I of Delosme 
(1967). Further, J and I are equivalent to I and I 2 of 
Neubauer and Schreiber (1987) (see Strasser et al., 
1995). (For further details, see Schreiber (Chapter 
1 1) and Strasser et al.(Chapter 12).) 

The current understanding of OJIP transient rise 
is that it reflects, in the first approximation, the 
successive reduction of the electron acceptor pool 
of PS II (Q a , the one-electron acceptor-bound PQ, 
Q b , the two-electron acceptor-bound PQ, and the 
mobile PQ molecules). The hypothesis of Duysens 
and Sweers (1963) that Q A is the determining factor 
governing the increase in Chi a fluorescence is im- 
plicitly accepted by most researchers (see, however, 
Chapter 6, Vredenberg). The inflections represent 
the heterogeneity of the process. The OJ rise is the 
photochemical phase, the inflection J represents the 
momentary maximum of Q A “, Q A “ Q B and Q A ~ Q B ~; 
T may reflect the concentration of Q A “ Q B 2 “ and P 
may reflect the peak concentration of Q A “, Q B 2 ~ and 
PQH 2 (Stirbet et al., 1998; X-G. Zhu, Govindjee and 
Steve Long, personal communication). The OJIP 
transient can be used as a quick monitor of the elec- 
tron acceptor side reactions, the pool heterogeneity 
and the pool sizes, and the effects of inhibitors and 
mutations on these processes, as well as on the donor 
side. FIsu (1993) has confirmed the earlier conclusion 
from the P. Joliot-R. Delosme laboratory that the fast 
fluorescence rise is influenced by the S-states of the 
oxygen evolving complex (OEC). At this moment, 
we may not be able to easily obtain any quantitative 
information on the individual rate constants since the 
secondary reactions of both PS I and PS II are slow 
compared with the single-turnover of the PS II reac- 
tion centre leading to the overlapping and complex 
effects (also see Trissl et al., 1993). Thus, we need to 
wait for more sophisticated measurements of parallel 
transients of individual reactions and components, 
as well as for the evolution of more sophisticated 
deconvolution procedures. 



V. The Photosystem II Reactions and Chlo- 
rophyll Fluorescence 

Most of the Chi a fluorescence in PS II preparations 



and in thylakoids that we measure, at room tempera- 
ture, is from antenna Chi a molecules (mostly from 
the minor antenna complexes CP-43 and CP-47) 
not reaction center Chi a molecules. The variable 
Chi a fluorescence is created either from exciton 
equilibration between the antenna and the reaction 
center Chi a, or from exciton/radical pair equilibra- 
tion (see Renger, 1992, for the earlier literature and 
discussion of PS II chemistry ). It had been generally 
believed that all the PS II fluorescence was prompt 
fluorescence. Klimov et al. (1977) suggested that 
all of the variable Chi a fluorescence of PS II was 
recombinational luminescence from the back reac- 
tion of P680 + with Pheo - . Although there hasn’t been 
a general acceptance of this concept (Van Gorkom, 
1986), the exciton/radical pair equilibration recom- 
bination model (Holzwarth, 1991) seems capable of 
accommodating it. Further research and discussion 
is required to reach a consensus. 

A good part of fluorescence from the isolated PS II 
reaction center, however, originates in the recombina- 
tion of P680 + with Pheo - (see e.g. Govindjee et al., 
1990a). Van Mieghem et al. (1992) and Govindjee 
et al. (1993b) concluded that PS II charge separa- 
tion is decreased if Q A is present, but is increased if 
doubly reduced Q A , Q A 2- , is present. The prior redox 
state of the donor side may also affect the reactions 
presented above. The known distances between 
CP43/CP47 Chls a and RCII Chls a may be sugges- 
tive of prevention of fast equilibration (Zouni et al., 
2001; Vasil’ev et al., 2001). With newer data, the 
above views, however, may be in need of revision 
(Ferreira et al., 2004, and van Grondelle and Gobets 
(Chapter 5)). 

A. Electron Transport on the Donor Side of 
Photosystem II 

The donor side of PS II involves electron transfer 
from Y z (a specific tyrosine 161 in the D-l protein) 
to the oxidized reaction center Chi P680 + (Chapter 
8, Shinkarev). The Y z + recovers its lost electron from 
water via a four Mn (or a three Mn-one Ca and one 
Mn) cluster. After four such reactions, four positive 
charges accumulate on a Mn cation cluster that reacts 
with two molecules of water to evolve one molecule 
of 0 2 , releasing four protons into the lumen of the 
thylakoid. Kok et al. (1970) explained the period 4 
oscillations, discovered by Joliot et al. (1969), in 0 2 
evolution per flash as a function of the number of 
light flashes, spaced ~1 s apart; they represented the 
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redox states of the Oxygen evolving complex (OEC) 
as S 0 , S[, S 2 , S 3 and S 4 , where the subscripts represent 
the number of positive charges on OEC, and each 
transition (S n -> S n+1 ) takes place as an electron is 
transferred from OEC to the P680 + , formed in light. 
In dark, the system starts mostly in the S, state and the 
maximum O, is released after the 3 rd flash followed 
by a periodicity of 4 in flash number dependence of 
0 2 release. (For a basic description, see Govindjee 
and Coleman, 1990; for a historical minireview, see 
Joliot, 2003 , and for the detection of an intermediate 
in 0 2 evolution, see Clausen and Junge, 2004.) 

1. Oxidized Reaction Center Chlorophyll, 

P680+, as a Ouencher of Chlorophyll a 
Fluorescence in Photosystem II; Donation of 
Electron from Tyrosine Y z (or Z) to P680* 

In the ns to sub-ps time scale, the Chi a fluorescence 
rise, after a brief (~ ns) actinic flash, measures the 
electron flow from Y z (or Z) to P680 + .This rise was 
discovered by Mauzerall (1972) and explained by 
Butler (1972) to be due to the removal (reduction) 
of the quencher P680 + . Sonneveld et al. (1979) el- 
egantly measured this reaction, after correcting for 
quenching by Chi a triplets, and showed that it was 
faster (approx. t 1/2 ~ 20 ns) during transition of S 0 and 
S, and slower and more complex during transitions 
of S 2 and S 3 . This fluorescence rise can be observed 
even at longer times due to the equilibrium reactions 
between S 0 «-»• Y z (orZ) «-> P680 (Kramer et al., 1990; 
Shinkarev and Govindjee, 1993). 

2. Water to Y z (or Z) Reaction 

As mentioned above, electron transfer from Y z to 
P680 + can be measured through Chi a fluorescence 
rise in the nanosecond to sub-microsecond range after 
an actinic flash. However, this does not take into ac- 
count the equilibria between the S-states and Z, and 
between Z and P680. There are two possibilities of 
how S-states (i.e., the valence states through which 
the manganese cluster of the OEC recycles in order to 
oxidize water) can control Chi a fluorescence yield: 
(a) a more positively charged S-state can slow electron 
transfer from that state to Y z and, in turn, the electron 
transfer from Y z to P680 + , leading to an accumulation 
of P680 + which acts as a natural quencher of Chi a 
fluorescence; and (b) a direct influence of S-states 
on the Chi a fluorescence yield. There also exists 
the possibility of 0 2 , per se, released during S 4 to S 0 



transition to cause quenching of Chi a fluorescence. 
Shinkarev et al. (1997 ) measured the kinetics of the 
difference between the inverse of the fluorescence 
yield after the first flash (S, to S 2 transition, no 0 2 
evolution ) and that after the third flash (S 3 -> S 4 -> S 0 
transition, 0 2 evolution; see Koketal., 1970; Renger, 
2003). Analysis of this data shows that a quencher is 
produced with a lag of approximately 1 ms and a rise 
half time of about 2 ms (Chapter 8, Shinkarev). The 
amplitude of this quencher oscillates with a period of 
4 in synchrony with 0 2 evolution, but there are seri- 
ous quantitative differences. In the same way, there 
may be inconsistencies with the H + release patterns 
(Lavergne and Junge, 1993). It is still tantalizing to 
consider the possibility that this phase is a monitor of 
the kinetics of the S 4 -> S 0 0 2 -evolving step. Whether 
it could be 0 2 itself (for arguments regarding 0 2 as a 
quencher of Chi fluorescence, see Papageorgiou, et 
al., 1972; and Papageorgiou, 1975b) is a valid ques- 
tion to ask. Since fluorescence can be measured in 
intact leaves, Chi fluorescence kinetics could become 
an excellent probe for monitoring crucial functional 
ste ps of PS II in situ. 

B. Electron Transport on the Acceptor Side of 
Photosystem II 

The acceptor side of PS II involves electron transfer 
from excited P680, P680*, to pheophytin (Pheo) 
and then to a one-electron acceptor Q A , a bound 
plastoquinone. From reduced Q A , Q A , electrons are 
transferred to Q B After two such reactions, the dou- 
bly reduced Q B 2 ~ ‘picks up’ two protons becoming 
Q B H 2 (or simply PQH 2 ). (For a detailed description, 
see Crofts and Wraight, 1983.) Since there are 8-10 
PQ molecules in the thylakoid membrane pool (see 
above), it takes some time (~500 ms ) to reduce the 
entire PQ pool. 

1. Q; to Plastoquinone Reactions 

In the ps to ms time scale, the Chi a fluorescence 
decay, after a brief flash, measures the electron 
transfer from Q A to Q B . These measurements were 
first made by Forbush and Kok (1968) who used a 
~ 1 ms saturating flash to induce a single turnover 
of PS II reaction centers; they observed a fast decay 
phase (t,, ~ 0.6 ms ), which they correctly attributed to 
re -oxidation of Q A ; about 1 8 flashes were needed to 
reduce the secondary acceptor PQ pool (then called 
theri pool ). They also remarked at the heterogeneity 
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of this PQ pool. Although Mauzerall (1972) reported 
the microsecond to millisecond fluorescence decay, 
the first detailed and reliable measurements on this 
decay were those by Zankel (1973) who observed 
a phase of t, /2 ~ 200 ps and another of 1 ms, and 
related them to the equilibria between what we now 
call Q a , Q b , and the PQ pool, the fast and the slow 
reducing pool. 

2. The Two-electron Gate: Discovery of Q e 

The existence of a ‘two-electron gate,’ through which 
electrons pass only in pairs, somewhere between 
PS 11 and electron acceptance by methyl viologen 
from PS 1, was shown by Bouges-Bocquet (1973) 
in a paper that was submitted within a week or so of 
that by Velthuys and Amesz (1974). Bouges-Boc- 
quet had called the carrier B, and shares the credit 
of independent discovery of the two- electron gate. 
The concept of the two-electron gate was elegantly 
demonstrated in an experiment, that 1 consider to be a 
major breakthrough, by Velthuys and Amesz ( 1 974). 
In these experiments, the possible oscillations due to 
the donor side (the S-state cycling related to (^-evolu- 
tion steps) were eliminated by alkaline Tris-washing, 
and an external electron donor was provided for the 
functioning of PS II. A series of preflashes were 
given and then the herbicide DCMU was injected 
and Chi a fluorescence yield monitored. There was an 
obvious binary oscillation in the Chi a fluorescence 
yield: high after the first and all odd preflashes, and 
low after the second and all even preflashes (Fig. 8 ). 
This work provided, for the first time, information 
on how one electron acceptor, Q A (then called Q), 
communicates with the two-electron-acceptor PQ 
molecule. The authors interpreted their results in 
terms of an electron carrier R (now known as Q B ) 
which exchanges electrons one by one with Q A , but 
two by two with PQ. This is the essence of, what we 
call today, the two-electron gate. Bowes and Crofts 
(1980) explained their results, in which Chi a fluo- 
rescence yield decays faster after the first than after 
the second flash, in terms of a slower electron flow 
from Q a to Q B ~than from Q A ~ to Q B possibly because 
of electrostatic repulsion from Q B . It was Velthuys 
(1982) who first realized that Q B is not a permanent 
cofactor of PS II but merely a molecule of the pool 
that remains tightly bound only when it is present in 
the one-electron reduced, semiquinone form. For a 
historical perspective of the 2 -electron gate in pho- 
tosynthetic bacteria, see Vermeglio (2002). 




Fig. 8. Binary oscillations in Chi a fluorescence that led to the 
concept of two-electron gate on the acceptor side of PS II. Chi a 
fluorescence yield changes (AF) observed after a series of pre- 
illumination flashes, followed by DCMU (or dithionite) addition. 
Alkaline Tris- washed chloroplasts were used to block the water to 
P680 reaction, and thus the period 4 oscillations on the electron 
donor side of PS II, and p-phenylenedianiine was added as an 
artificial electron donor in order to run the PS II. (Data ofVelthuys 
and Amesz, 1974; figure reproduced from Govindjee, 1995; also 
see Shinkarev (Chapter 8).) 



C. Role of Bicarbonate 

In addition to the crucial role of C 0 2 in carbon fixation 
(Benson, 2002; Bassham, 2003), it is also required, 
as HCO 3 , for the functioning of PS II (van Rensen 
et al., 1999). There are two major roles of HCO3 in 
PS II: one is on the donor side and the other is on the 
acceptor side. Neither PS I nor the reaction centers 
of photosynthetic bacteria require HCO3 for their 
functioning (Govindjee, 1991). 

The history of the role of HCOj on the electron 
donor side of PS II has been discussed by Stemler 
(2002). In a large number of experiments, bicarbonate 
is displaced from its binding site by formate or NO; 
this leads to an inhibition of PS II reactions which is 
reversed by the addition of HCO. . The role of HCO j in 
stabilization and functioning of the donor side of 
PS II has been reviewed by Klimov et al. ( 1 995). The 
role of HCO, in electron and proton transfers in the 
Q a to the PQ pool steps has been reviewed by Gov- 
indjee and Van Rensen (1978, 1993); Blubaugh and 
Govindjee (1988); Diner et al. (1991); Van Rensen 
et al. (1999) and van Rensen (2002). Using Chi a 
fluorescence transient measurements, Wydrzynski 
and Govindjee (1975) were the first to demonstrate 
that the inhibition of electron flow from Q A to the 
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PQ pool, by formate, was uniquely reversed by the 
addition of HCOj; this stimulation reveals a major 
role ofHCOj on the electron acceptor side of PS II: 
the effect of bicarbonate depletion resembled more 
like the DCMU block on the acceptor side of PS II 
than by a block on the donor side of PS II. 

Jursinic et al. (1976) concluded that electron flow 
out of Q a ~ to the PQ pool is faster in the presence 
than in the absence of HCOj. Tracking Chi a fluo- 
rescence yield changes, after each excitation flash in 
a series of flashes, Govindjee et al. (1976) showed 
that the binary oscillations, due to the existence of 
the two-electron gate were abolished in the absence 
of HCOj. These results, obtained with thylakoids 
thoroughly depleted of bicarbonate, suggested that 
the protonation and the exchange of Q B 2 " by the PQ 
pool is drastically, but reversibly slowed down since 
the addition of HCOj restored these reactions to the 
level seen in the untreated (non- HCOj depleted) 
samples. 

Under the experimental conditions of Jursinic et al. 
(1976), Y z to P680 + reaction was shown to be normal 
even in the bicarbonate-depleted samples. Govindjee 
et al. (1989) confirmed this result and showed that 
it was independent of the S-states. However, this 
does not contradict (or disprove) the existence of 
a role of HCOj on the donor side of PS II (Jursinic 
and Dennenberg, 1990; Stemler and Jursinic, 1993) 
under other experimental conditions. In fact, under 
low pH, bicarbonate-depletion caused inhibition 
prior to Q A reduction (El-Shintinawy and Govindjee, 
1989, and El-Shintinawy et al., 1990). Klimov and 
co-workers have now established an important role 
ofHCOj on the donor side of PS II (see e.g., Klimov 
et al., 1995 ) On the other hand, there is indeeda clear 
stimulatory role of HCO: in the reactions from Q A ~ to 
PQ, as discussed above. Eaton-Rye and Govindjee 
(1988a, 1988b) and Xuet al. (1991) showed a drastic 
formate-induced and bicarbonate-reversible slowing 
down of electron transfer from Q A ~ to Q B after the 
second and subsequent flashes, but not after the first 
flash. This has been interpreted to suggest that it is 
protonation of the site near Q B ~, rather than electron 
transfer per se, that is inhibited by bicarbonate -revers- 
ible formate. A similar result was obtained by Diner 
and Petrouleas (1990 ) for the bicarbonate-reversible 
NO effect. A role of HCO, in protonation reactions 
has also been suggested from proton measurements 
by Van Rensen et al. (1988). 

The atomic level model of the PS II reaction cen- 
ter presented by Ferreira et al. (2004) suggests that 



bicarbonate may be boimd on both the acceptor and 
donor sides of PS II reaction centers giving credence 
to the concept that bicarbonate may play roles on both 
the donor and acceptor sides of PS II. 

Blubaugh and Govindjee (1988) hypothesized that 
one of the functions of bicarbonate is to stabilize 
the negative charge on Q B ~ formed after the flash by 
delivering a H + to a particular histidine. Here, bicar- 
bonate was suggested to be H-bonded to a particular 
arginine (D1-R269 and/or D1-R257) and, perhaps, 
stabilized by other arginines, placing it in an optimal 
region for such a role. In the absence of HCOj, this 
is much slowed and, thus, electron transfer after the 
second and succeeding flashes is slowed. In addition, 
the importance of D2-R251 and D2-R233, but not 
D2-R139, for stabilization of HCOj was shown by 
Cao etal. (1991) (also see Govindjee, 1993)through 
the use of site-directed Synechocystis sp. PCC 6803 
mutants (D2-R251S, D2-R233Q and D2-R139H). 
However, we consider it likely that D1-R269 and/or 
D1-R257 is involved in the binding of HC0 3 “ in ad- 
dition to the non-heme iron (Diner and Petrouleas, 
1990). We suggest that both Dl- R269 and D1-R257 
may be of importance for the HCO: in the function- 
ing of the two-electron gate on the acceptor side of 
PS II (Xiong et al., 1997, 1998a,b). Chlorophyll a 
fluorescence measurements on bicarbonate-depleted 
herbicide-resistant Dl mutants, mutated at different 
amino acids near the Q B -binding niche (between he- 
lices IV and V of the Dl protein) suggest a role of a 
broad binding niche for bicarbonate ions (Govindjee 
et al. 1990b, 1991, 1992; Cao et al. 1992; Vernotte 
et al., 1995). 

The (bi)carbonate binding niche in human lac- 
toferrin (Anderson et al., 1989), the only other 
Fe-(bi)carbonate protein known to us, may serve 
as a partial model for further investigations. Here 
(bi)carbonate is not only liganded to Fe, but is H- 
bonded to an arginine and several other amino acids. 
Maenpaa et al. (1995) have demonstrated that a mu- 
tant (CAT) of Synechocystis sp. PCC 6803, that lacks 
certain glutamic acids in the loop between helix IV 
and V of its Dl protein, shows a high resistance to 
bicarbonate-reversible formate treatment. Since this 
mutation is not in the Q A FeQ B niche, this result may 
suggest the importance of conformational changes. 

We are, obviously, far from understanding the 
bicarbonate binding and its function on both the 
donor and acceptor sides of PS II. Chi fluorescence 
measurements still hold promise for obtaining an- 
swers to these questions. 
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D. Connectivity Between Photosystem II Units 

In the lake model (see earlier discussion), excitons 
migrate freely (random walk). If they encounter a 
closed reaction center Chi a, they can just go to an- 
other center (Knox, 1975; Pearlstein, 1982). Such a 
model predicts a linear relationship between lifetime 
of fluorescence, x, and quantum yield of fluorescence, 
(|> f , as the traps are progressively closed, by increasing 
the intensity of excitation or by raising the level of an 
inhibitor. Briantais et al. ( 1972) introduced a x versus 
<|> f diagram, and showed a proportionality between 
the two quantities throughout the entire range of ex- 
citation intensities in Chlorella cells. This result and 
the earlier results of Tumerman and Sorokin (1967) 
were taken to support the lake model. They did not 
support the strictly ‘isolated puddles’ model, where 
exciton can visit only one reaction center, because 
fluorescence would have to be dealt with as a sum of 
fluorescence from open and closed units, leading to a 
significant nonlinearity in the x versus <j> f curve. 

In reality, however, the picture may be ‘in-between’ , 
i.e. there may be a certain probability of exciton 
migration from one unit to another, as if there were 
interconnected puddles or a pond. A. Joliot and P. 
Joliot ( 1 964) had derived a relationship (see P. Joliot 
and A. Joliot (2003) for a historical perspective): 

(F (t) - F 0 )/ (F max - F 0 ) = (1 - p)q / (1- pq) (12) 

where, F (t) is the Chi a fluorescence yield at time t, 
F 0 is the fluorescence yield when all Q A is in the oxi- 
dized state, F max is the maximum fluorescence yield 
when all Q A is in the reduced state, p is a parameter 
related to the probability of interunit energy transfer, 
and q is the fraction of closed reaction centers. Here 
q = 1 , when Q A is maximum. Joliot and Joliot (1964) 
calculated the parameter p, which depended solely on 
the variable Chi fluorescence. The calculated values 
of p have hovered around 0-5 in most cases. 

Both Paillotin (1976, 1978) and Strasser (1978) 
pointed out difficulties with this concept and sug- 
gested modifications. As the centers close, the pro- 
portion of open centers decreases. Paillotin (1976) 
suggested using a physical connection parameter 
P that depends only upon exciton migration from 
a closed to an open reaction center; he relates it to 
Joliots’/> as follows: 

P = p(l-F 0 /F max ) = pxF wkble /F mx , (13) 



On the other hand, Strasser (1978) proposed 
that the probability of exciton migration in Joliots’ 
equation be corrected by the ratio of F varkble /F 0 . For a 
relationship between the three equations, see Stras- 
ser et al. (1992). Trissl et al. (1993) andTrissl and 
Lavergne (1995) have challenged some of these 
concepts and provided reasons for further caution 
in making quantitative calculations. (For other views 
on this subject, see Strasser et al. (Chapter 12), and 
Vredenberg (Chapter 6).) 



VI. Non-photochemical Quenching of Chi 
Fluorescence 

High light (beyond what is needed for maximum 
photosynthesis) is amajorplant stress. Under extreme 
high-light conditions, the photosynthesis apparatus 
can be damaged irreversibly (see Adir et al., 2003, 
for a historical minireview on ‘photoinhibition’). 
Plants and algae have devised various strategies to 
protect themselves (photoprotection) (Bjorkman and 
Demmig-Adams, 1994; Gilmore and Govindjee, 
1999, Horton et al., 1999, and Niyogi, 1999; Holt 
et al., 2004). Strategies adopted by cyanobacteria 
for photoprotection are discussed by Bruce and 
Vasil’ev (Chapter 19), George Papageorgiou and 
Kostas Stamatakis (Chapter 26) and John Allen 
and Conr ad Mullineaux (Chapter 17). One of the 
strategies for survival in high light is to eliminate 
the excess absorbed energy as heat (thermal dissipa- 
tion), which can be measured as non-photochemical 
quenching (NPQ) of Chi fluorescence. The process 
of NPQ in higher plants involves acidification of the 
thylakoid lumen, operation of the xanthophyll cycle, 
and specific components of the antenna of PS II (see 
a quantitative description in Gilmore et al., 1998). 
These components include the psbS gene product, 
some other minor antenna complexes and even cer- 
tain portions of LHCIIb (Li et al., 2000; Crimi et al., 
2001; Chow et al., 2000; Frank et al., 2001; Elrad et 
al., 2002; Govindjee, 2002). 

A. Early Ideas on Non-Photochemical 
Quenching 

For earlier thoughts and literature on the effects of 
strong light on photosynthesis by J. Myers, B. Kok, 
E. Rabinowitch and L. N.M. Duysens, prior to 1965, 
see discussion in Govindjee and Seufferheld (2002). 
Papageorgiou and Govindjee (1967, 1968a,b ) began 
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looking at the effects of uncouplers of photophos- 
phorylation, even in the presence of DCMU, on Chi 
a fluorescence of intact green and blue-green photo- 
synthetic cells. They observed complex changes in 
both fluorescence kinetics and fluorescence emission 
spectra; since DCMU was present, it was evident 
that these changes were unrelated to ‘Q A -dependent 
quenching.’ In the absence of DCMU, the un-relat- 
edness of the slow Chi a fluorescence changes to 
photosynthesis was supported by the observation 
that the rate of 0 2 evolution paralleled the SM (see 
footnote 3 ) fluorescence rise, and remained constant 
during the MT fluorescence (see footnote 3 ) decline 
(Papageorgiou and Govindjee 1968a, 1968b; Mo- 
hanty et al. 1971a). 

Murata and Sugahara (1969) observed an uncoup- 
ler sensitive lowering of Chi a fluorescence yield when 
they added reduced phenazine methosulfate (PMS) 
to DCMU-treated spinach chloroplasts. Wraight 
and Crofts (1970 ) showed a correlation between the 
protonation of the interior of the thylakoid, and the 
lowering of the Chi a fluorescence yield. However, 
Papageorgiou (1975b) showed dual quenching by the 
lipophilic PMS cation, direct collisional quenching 
of excited Chi a in situ, and indirect quenching, via 
cyclic electron transport and acidification ofthylakoid 
lumen. While fluorescence quenching by Q A was op- 
timal at pH 6.5, the ‘high energy state’ (protonation) 
quenching was optimal at pH 8.5. Briantais et al. 
(1979, 1980) showed that the slow decline phase of 
Chi fluorescence is correlated with the lumen [H + ] 
in isolated chloroplasts. This fluorescence lowering 
cannot be due to direct quenching by protons as they 
cannot accept electronic excitation energy. 

Papageorgiou (1975a) considered the possibility 
that some of the ‘non-Q A related’ or ‘high-energy- 
state, or X E ’ quenching may occur through changes 
in structure that allow diffusion of quenchers (such 
as 0 2 ) to the pigment site. Fixation of cells by glu- 
taraldehyde did eliminate quenching of Chi a fluo- 
rescence by PMS (Mohanty et al., 1973). In view of 
the absence of PMS-induced effects on excitation 
energy transfer from PS II to PS I, and in view of 
the fact that fluorescence intensity changes paral- 
leled lifetime of fluorescence changes, Mohanty et 
al. (1973) concluded that these changes were due to 
increases in rate constant of heat loss, Iq, not of excita- 
tion energy transfer lq. These were the beginnings of 
the observations on non- photochemical quenching 
of Chi a fluorescence of PS II. 

Since the conclusions of Murata and Sugahara 



(1969), Wraight and Crofts (1970), Mohanty et al. 
(1973) and Briantais etal. (1979, 1980 )onthylakoids 
and chloroplasts were more understandable than 
those obtained earlier on algal cells, Mohanty and 
Govindjee (1973) investigated the effects of sali- 
cylanalides, uncouplers of photophosphorylation, on 
DCMU-treated cyanobacterial cells They observed 
that these uncouplers abolished the time-dependent 
Chi a fluorescence increase, a sort of opposite effect 
to that observed with the PMS-system in thylakoids. 
In both cases, uncouplers of photophosphorylation 
caused drastic changes in ‘non-Q A -related’ Chi a fluo- 
rescence changes . I hope that with the new theoretical 
and experimental framework available now, these 
early observations in intact cells can be reinvestigated 
and finally understood at a molecular level. 

B. Xanthophyll Cycle and the Non-photo- 
chemical Quenching 

Seven years before the observations of N. Murata and 
K. Sugahara, Yamamoto et al. (1 962) had discovered 
the reversible de-epoxidation of violaxanthin to an- 
theraxanthin and then to zeaxanthin, a process that 
came to be known as the xanthophyll cycle : 

violaxanthin (V) «-»■ antheraxanthin(A) «-> 

zeaxanthin (Z) 

As V is converted to A and then to Z, TO, is 
removed at each step, and in the reverse process 
(epoxidation) TO, is added at each step. 

Harry Yamamoto, who has invested years of 
research characterizing this cycle biochemically, 
concluded that it played an unknown but important 
regulatory role in photosynthesis (see Yamamoto, 
1979; Yamamoto et al., 1999). (A photograph of 
Yamamoto appears in Govindjee and Seufferheld, 
2002.) It was later that B. Demmig-Adams and her 
coworkers suggested that the pigments of the Xantho- 
phyll cycle play a role in NPQ of Chi a fluorescence 
by increasing k h (Demmig- Adams et al. 1990; for a 
personal historical minireview, see Demmig-Adams, 
2003; also Williams Adams and Barbara Demmig- 
Adams (Chapter 22)). 

Non-photochemical quenching of Chi a fluores- 
cence simply implies enhanced dissipation of 
electronic excitation via pathways other than those 
involved in photochemistry (k p ) and fluorescence (lq). 
The most obvious alternate pathways are direct heat 
losses (k h ) and (excitation) transfer to other molecules 
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(k q ), such as for example carotenoids, and intersystem 
crossings to Chi a triplets (k^). 

Thus, NPQ includes what we may call ‘non-Q A 
related’ changes. It is measured as follows (see 
Baker and Oxborough (Chapter 3), Krause and Jalins 
(Chapter 18) and Schreiber (Chapter 11)): 



NPQ = (F m -F,;)/F m 


(14a) 


NPQ = (F m / FJ-1 


(14b) 


NPQ+l=(F m /F;) 


(14c) 


l+K sv [Q] = (F m /F;) 


(14d) 



where, F m is maximal Chi fluorescence in dark- 
adapted samples, F m is maximal Chi fluorescence 
in light-adapted samples, K sv is Stern- Volmer con- 
stant and [Q] is the concentration of the quencher of 
fluorescence. 

There is a general consensus among several re- 
searchers that lumen acidity may not only activate 
the enzyme violaxanthin de-epoxidase to convert 
violaxanthin to antheraxanthin and zeaxanthin, but 
may also cause conformational changes of antenna 
pigment protein complexes such that the quenching of 
Chi a fluorescence by zeaxanthin and antheraxanthin 
(Gilmore and Yamamoto, 1993) is favored. Quenching 
processes in fluorescence studies are best analyzed by 
the well-known Stem-Volmer 4 relationships (Stem 
and Volmer, 1919; Papageorgiou, 1975a,b; Demmig- 
Adams et al., 1990; see Eqs. 14d and 14e): 

F (control)/F (with quencher) - 1 

= kpx [Quencher] (14 e) 

where, F = fluorescence intensity, k = collision rate 
constant, p = probability of effective collisions and 
t = lifetime of fluorescence in the absence of the 
quencher. 

Using the Stern- Volmer relationship, Gilmore and 
Yamamoto (1993) obtained a correlation between the 
Chi a fluorescence yield and the combined [FT] and 



4 We note that the Stem-Volmer equation was originally derived 
considering collisional quenching in homogeneous solutions 
(i.e., diffusional limited reactions; see Forster, 195 1). In NPQ it 
is applied, however, in a quasi solid-state system, in which only 
excitation energy moves, but not molecules. Thus, there is only 
a formal similarity between these two processes (expressed by 
Eq. 14e). 



[zeaxanthin (Z) + antheraxanth in (A)]. Thus, the k h , 
proposed earlier, may be equated most simply to k q 
[H + ] [Z + A], This does not preclude the existence 
of other quenching mechanisms. It becomes a matter 
of knowledge of which mechanism dominates and 
when (Kramer and Crofts, 1996). Flowever, the role 
of zeaxanthin in photoprotection in vivo has been 
emphasized by several, including B. Osmond and 
coworkers (Casper et al., 1993). 

A decrease in fluorescence intensity in a photosyn- 
thetic system, even when the number of total absorbed 
quanta is kept constant, need not necessarily mean a 
decrease in quantum yield of fluorescence of PS II 
if the absorption cross-section of the fluorescent 
pigment bed (PS II) decreases and that of the weakly 
fluorescent bed (PS I) increases. Such a change would 
not reflect changes in rate constants of de -excitation 
pathways. However, if fluorescence intensity changes 
are strictly proportional to lifetime of fluorescence 
changes, we can be sure that these reflect quantum 
yield changes and, thus, changes in the rate con- 
stants of de-excitation. Gilmore et al. (1995, 1998) 
observed an almost linear relationship between Chi a 
fluorescence intensity changes (measured by a PAM 
(Pulse Amplitude Modulated fluorometer) and the 
fraction of a short (approximately 0.5 ns) lifetime 
component of Chi a fluorescence (measured by a 
multifrequency phase fluorometer) during quench- 
ing of Chi a fluorescence that was dependent upon 
[H + ] and [zeaxanthin + antheraxanthin], Gilmore et 
al. (1995, 1998) observed that as more zeaxanthin 
(or antheraxanthin) was formed, even when electron 
transport was blocked, the amplitude of the higher 
lifetime (1.7 ns) of the fluorescence component 
decreased linearly in proportion to the increase in 
the amplitude of the lower (0.5 ns) lifetime of the 
fluorescence component . This meant that the complex 
that contained both Chi and zeaxanthin (or antherax- 
anthin), formed upon the increase in concentration of 
these xanthophylls, had a lowered quantum yield of 
fluorescence and, thus, increased rates of heat losses 
within it. This is like having a ‘dimmer’ switch, where 
light (fluorescence) is dimmed as the concentrations 
of zeaxanthin and antheraxanthin increase (Gilmore 
at al., 1998; Fig. 9). For a further discussion of the 
mechanism of non-photochemical quenching, and 
of how carotenoids may quench Chi a fluorescence, 
see Crofts and Yerkes (1994) and Frank et al. (1994), 
respectively. Further, Vasiel’ev et al. (1998) discuss 
quenching by quinones as a model for quenching of 
fluorescence in antenna molecules. An interesting 
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suggestion for NPQ of Chi fluorescence involving 
charge transfer state of zeaxanthin and Chi has been 
presented by Dreuw et al. (2003). 

One of the major mechanisms by which plants pro- 
tect themselves against excess light is by dissipating 
energy as heat, as noted above; this is an important 
strategy for the survival of plants. Non-photochemical 
Chi quenching, when plants are exposed to excess 
light, is a theme that is covered in several chapters: 
Krause and Jahns (Chapter 18); Bruce and Vasirev 
(Chapter 19), Golan et al. (Chapter 20), Gilmore 
(Chapter 21); Adams and Demmig- Adams (Chapter 
22) and Kramer et al. (Chapter 1 0). Schreiber (Chapter 
1 1) has provided an overview of the application of 
the Pulse Amplitude Modulation (PAM) fluorometry 
for measurements of quantum yield of photochem- 
istry of PS II in low light and in excess light (when 
non-photochemical quenching occurs, i.e., energy 
is lost as heat). 

VII. Concluding Remarks 

Chlorophyll a fluorescence has been a wonderful 
tool not only to understand how plants cope with 
excess light, but with UV light (Manfred Tevini, 
Chapter 23), water stress (Nikolai Bukhov and Robert 
Carpentier, Chapter 24), and heavy metal ion stress 
(Manoj Joshi and Prasanna Mohanty, Chapter 25). 
Plants regulate the distribution of excitation energy 
between PS I and PS II by a phenomenon labeled as 
‘State Changes’. Allen and Mullineaux (Chapter 1 7) 
show how Chi fluorescence is used to understand 
the mechanism of this regulatory phenomenon. 
Papageorgiou and Stamatakis (Chapter 26) provide 
a novel application of Chi fluorescence as a monitor 
of osmotic volume changes and of water and solute 
transport in cyanobacterial cells On the other hand, 
Hoober and Akoyunoglou (Chapter 27) show how 
Chi fluorescence measurements have been applied 
to the problem of the assembly of light harvesting 
complexes of PS II. 

One of the most useful applications of Chi fluores- 
cence has been in studies of regulation of photosyn- 
thetic electron transport (Kramer et al.. Chapter 1 0); 
light adaptation and senescence of plants (Hartmut 
Lichtenthaler and Babani, Chapter 28), of terrestrial 
plants in various ecological niches (Jeannine Cav- 
ender-Bares and Fakhri Bazzaz, Chapter 29) and of 
photosynthesis in our vast oceans (Falkowski et al., 
Chapter 30), and in inland waters (John Raven and 
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Fig. 9. A dimmer switch in photoprotection. As light intensity 
increases, more zeaxanthin and antheraxanthin arc formed dim- 
ming the Chi fluorescence yield, provided the transthylakoid 
proton gradient is not eliminated. Gilmore et al. (1998) could 
deduce this from the distribution of lifetime of Chi fluorescence 
in spinach (panel A) and Wild type (WT) barley thylakoids. To 
eliminate the effect of changes in electron transport, 10 pM 
DCM U was added to block all electron transport. The solid curve 
shows the lifetime of distribution pattern, with most fluorescence 
with a lifetime of 2 ns for Chi fluorescence, in the presence of 2 
pM nigericin (a protonophore): increasing DTT (dithiothreotol, 
that reduces the concentration of zeaxanthin) did not cause any 
changes in the lifetime of Chi fluorescence components. However, 
in excess light, in the absence of nigericin, when fluorescence 
yield is quenched (0.5 ns component is formed at the expense of 
1 .7 ns component), addition of increasing concentrations of DTT 
that produces increasing amounts of violaxanthin at the expense 
of zeaxanthin reverses the dimmer switch changing the 0.5 ns 
lifetime of Chi fluorescence component to 1.7 ns component. 
Note that in the absence of a proton gradient ( solid curve), t is 
higher (2 ns) than in its presence (-1.7 ns) showing the effect of 
protonation alone. (Reproduced from Gilmore et al., 1998; also 
see Gilmore (Chapter 21).) 

Steven Maberly, Chapter 3 1 ). 

To me, one of the most fascinating areas has been 
imaging of Chi fluorescence (Lichtenthaler and Mihe, 
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1997; Buschmann et al., 2000). Lichtenthaler and 
Babani (Chapter28), LadislavNedbal and John Whit- 
marsh (Chapter 14) and Kevin Oxborough (Chapter 
15) have presented the state-of the-art fluorescence 
intensity images. 

A very important application has been in the area 
of remote sensing of photosynthesis via remote sens- 
ing of Chi fluorescence since it has the promise of 
measuring land and ocean productivity from satellites, 
airplanes, and helicopters; this has been covered by 
Ismael Moya and Zoran Cerovic (Chapter 16). 

The wide areas of photosynthesis , as studied over 
the years, has been elegantly covered in this book. 
Some of the authors have presented views that are not 
yet accepted by others who have written their chapters 
in this book. Vredenberg (Chapter 6) has challenged 
the current accepted views on Chi fluorescence; it 
remains to be seen if he is right. 

My viewpoint presented here is only a drop in 
the lake of Chi fluorescence research. My current 
research interest is in fluorescence lifetime imag- 
ing microscopy and in the use of sinusoidal light 
(forced oscillations) to study the regulation of exci- 
tation energy transfer from phycobilins to PS II, as 
published in Holub et al. (2000), and Nedbal et al. 
(2003), respectively. 
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Summary 

Oxygenic photosynthesis is the unique process (at least in the solar system) by which plants absorb fleeting 
sunlight photons and store their energy in three stable forms of chemical energy: (i) As non-autoxidizable re- 
duced organic compounds (e.g., carbohydrates), (ii) as transmembrane electrochemical gradients (e.g., proton 
motive force difference), and ( iii ) as chemical bonds of high negative free energy of hydrolysis of ATP. Its 
origin can be traced perhaps to the late Archaean Era (3.85 billion years ago). Subsequently, along a highly 
eventful course of evolution oxygenic photosynthesis managed to oxygenate the atmosphere to a level of ap- 
prox. 20% v/v oxygen, to generate an ozone shield in the upper atmosphere against incoming ultraviolet light, 
to oxidize minerals on the Earth’s surface, and in general to produce the environment as we know it today. This 
introductory chapter provides capsule information on the essential molecular structures and supramolecular 
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assemblies (chlorophylls , accessory pigments, light harvesting antennae, reaction centers, electron transporting 
redox couples and thylakoid membranes) and the partial photosynthetic processes which add up to the highly 
complex and highly efficient process of oxygenic photosynthesis. The chapter is intended as introduction to 
chapters that follow, which focus on the exploitation of the chlorophyll fluorescence signal as an investigative 
tool of various aspects of the photosynthetic process. 



I. Introduction 

Oxygenic photosynthetic organisms are spread in all 
three domains (Archaea 2 , Bacteria, Eukarya; Doo- 
little, 1 999) and in four of the six kingdoms ( Bacteria , 
Plantae, Chromista and Protozoa ; Cavalier-Smith, 
1998 ) in which organisms are classified. 

The deep phylogenetic gaps make the structural, 
compositional and functional similarities among 
diverse photosynthetic organisms extremely strik- 
ing. Although a latecomer in evolution (Xiong et al., 
2000) chlorophyll a (Chi a) is present in all oxy-pho- 
tosynthetic organisms. It is the most essential photo- 
synthetic pigment, as it is the exclusive photoactive 
chromophore in the reaction centers (RC) I and II 
(RC I, RC II) of photosystems I and II (PS I, PS II) 
of all photosynthetic organisms. In addition, Chi a 
and other pigments (Chi b, Chi c, Chi d, carotenoids 
(Car) and phycobilins (PB)), all associated with 
antenna proteins, are engaged in photon gathering 
and excitation energy transfer to the photoreaction 
centers (RCs). 

Chlorophyll a emits fluorescence that carries 
information not only about structural details of the 
photosynthetic apparatus of diverse oxyphototrophs, 
but also on dynamic processes that occur in them over 
many orders of time. Modem technology has made 
possible the elucidation of many questions about 
photosynthesis. As result, a large body of relevant 
knowledge has accumulated (Govindjee and Gest, 
2002; Govindjee et al., 2003, 2004; Govindjee and 
Krogmann, 2004; also Chapter 1, Govindjee, this 

Abbreviations: APC - allophycocyanin; Ax antheraxanthin; 
Car - carotenoid; Chi - chlorophyll; EET - excitation energy 
transfer; Lhc light harvesting chlorophyll-protein complex; Ma 
million years ago; OEC - oxygen evolving complex; PB - phy- 
cobilin; PBP-phycobiliprotein; PBS-phycobilisome; PC -phy- 
cocyanin; PCB - phycocyanobilin; PE phycoerythrin; PEB 
phycoerythrobilin; PQ-plastoquinone; PQH 2 -plastoquinol; PS 
I, PS II - Photosystem I, Photosystem II; PSET - photosynthetic 
electron transport; PUB -phycourobilin; PVB phycoviolobilin; 
RC I, RC II - reaction center I, reaction center II; VDE violax- 
anthin de-epoxidase; Vx - violaxanthin; Zx -zeaxanthin; a-Car, 
(3-Car - a-carotene, (3-carotene 



2 Inclusion of archaean halobacteria among photo synthetic organ- 
isms is not accepted universally. 



volume). Chi a fluorescence contributed very sub- 
stantially to this knowledge, as described in detail 
in this volume. 

The fluorescence of Chi in vivo has been a popular 
topic in the last 50, or so, years and numerous re- 
views can be found in journals and edited volumes; 
a partial selection includes: Fork and Amesz (1970), 
Lavorel (1975), Papageorgiou (1975a, 1996), Lavorel 
and Etienne (1977), Fork and Mohanty (1986), Fork 
and Satoh (1986), Lichtenthaler et al. (1986), Wil- 
liams and Allen (1987), Lichtenthaler and Rinderle 
(1988), Horton and Bowyer (1990), van Kooten 
and Snel (1990), Krause and Weis (1991), Lich- 
tenthaler (1992), Dau (1994), Govindjee (1995), 
Joshi and Mohanty (1995), Schreiber and Krieger 
(1996), Lichtenthaler and Mihe (1997), Campbell 
et al. (1998), Lazar (1999, 2003), Evans and Brown 
(1994), Maxwell and Johnson (2000), Strasser et al. 
(2000 ). Special mention is made to the books edited 
by Govindjee et al. (1986) and DeEll and Toivonen 
(2003). A comprehensive list of edited volumes in 
photosynthesis, covering the period from the 1950s 
through 2003, was recently published by Govindjee 
(2004); see also Chapter 1, Govindjee. 



II. Origin and Evolution of Oxyphototrophic 
Organisms 

Essential structures of the oxygenic photosynthetic 
machine are the closed thylakoid membranes, the 
dimeric core complexes of PS I and PS II, and the 
oxygen evolving complex (OEC), with its unique 
charge accumulating cluster of four manganese (Mn) 
cations. Core complexes comprise core antennas 
and RCs; and they associate with peripheral light 
harvesting complexes (LHC) consisting of proteins 
that co-ordinate Clils and Cars (reviewed by Green 
et al., 2003). In cyanobacteria and the red algae, the 
peripheral light harvesting phycobili somes (PBS) 
attach externally to the stroma face of the thylakoid 
membrane (Mimuro and Kikuchi, 2003; Chapter 7, 
Mimuro). 
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Core pigment-protein complexes and the OEC are 
conserved in oxy-phototrophs . In contrast, peripheral 
antennae vary widely, and the origin of this variability 
is traced to the evolution of photosynthetic organ- 
isms. Geological information from microfossils in 
stromatolites (morphology, chemical and physical 
properties and 13 C/ 14 C isotopic ratios of kerogens; see 
Olson and Blankenship, 2004, for a review) provide 
reference points on a time scale that begins in the 
present and goes back to the dawn of the Archaean 
Era (3,850 million years ago, Ma). Advances in mo- 
lecular biology enable the construction of ancestry 
lineages of presently extant organisms on the basis 
of phylogenetic markers (16S rRNA, and protein, 
gene and structure homologies) that can be linked 
to the geological reference points. The two comple- 
mentary methodologies converge to the notion that 
photosynthesis was invented by Bacteria which they 
passed to Eukarya, in the long course of evolution 
that stretches from the Archaean Era (3850-2800 
Ma) through the Proterozoic Era (2800-543 Ma) to 
the present Phanerozoic Eon. 

A. Oxyphototrophic Prokaryotes 

Non-oxygenic phototrophs, which probably existed 
as far back as -3,500 Ma (Summons et al., 1999; 
Des Marais, 2000; Schopfetal., 2002), subsequently 
evolved in the sequence: purple bacteria -> green sul- 
fur and green nonsulfur bacteria -> heliobacteria -> 
cyanobacteria. Bacteriochlorophylls (BChls) evolved 
ahead of Chls in the sequence: BChl a -* BChl c 
-> BChl g -> Chi a, Chi b (Xiong et al., 2000), and 
Chi d may have preceded Chi a (Blankenship and 
Hartmann, 1998). Most likely, the first RCs that were 
capable of photoinduced electron transfers between 
physically separated primary electron donating and 
electron accepting molecules were also of bacterial 
origin (Olson and Blankenship, 2004, and cited lit- 
erature). Evolution was branched, not linear, as it oc- 
curred mostly by lateral gene transfers . Since ozone is 
a late Proterozoic product, [bacterio] chlorophylls may 
have initially fulfilled the role of nucleic acid protec- 
tion against UV damage, than of photogeneration of 
redox potential (Mulkidjanian and Junge, 1997). 

Structural and sequential homologies of core 
antenna domains suggest a common origin of all 
photosystems, a proto-photosystem that combined 
characteristics ofType I RCs (those having iron sulfur 
proteins as primary electron acceptors, such as the 
RC I of oxy-phototrophs, and the RCs of heliobacteria 



and green sulfur bacteria), and ofType II RCs (those 
having substituted para-quinones as primary electron 
acceptors, such as in the RC II of oxy-phototrophs, 
and the RCs of purple bacteria and green filamen- 
tous bacteria; Schubert et al., 1998). Blankenship 
(2001) visualized the dimerization of a hypothetical 
monomeric core by gene duplication to homodimeric 
cores (heliobacteria and green sulfur bacteria), and 
then, by gene divergence, to heterodimeric cores (PS 
I, PS II, and purple bacteria). Chl-binding proteins 
may have evolved independently of Chls (LaRoche et 
al., 1996). Thus, Chi h. that genetically transformed 
cyanobacteria are able to synthesize, has been shown 
to be inserted, along with Chi a, in PS II (Satoh et 
al., 2001) and in the PS I core proteins (H. Xu et 
al., 2001). 

In the beginning, oxy-phototrophy may have em- 
ployed substrates less demanding thermodynamically, 
which could be photo-oxidized by photons of lower 
energy content than what is required for the photo- 
oxidation of water (E 0 ' = 0.84 V). Blankenship and 
Hartman (1998) consider a realistic possibility of 
photo-oxidation of H 2 0 2 (E 0 ' ~ 0.24 V) by Chi d, and 
likewise Dismukes et al. (2001 ) the photo-oxidation of 
Mn-bicarbonate (E 0 ' = 0.45 V) by BChl g. Molecular 
biomarkers place the appearance of cyanobacteria 
(and of Chi a-based oxyphototrophy) at or before 
2,700 Ma (Brocks et al., 1999; Summons et al.,1999). 
This is clearly well ahead of the oxygenation of the 
atmosphere, which reached 3 % of present day oxygen 
level by -1,900 Ma, and -10% by 543 Ma (the end 
of the Proterozoic). Once discovered, oxygenic pho- 
tosynthesis opened enormous supplies of substrates 
and usable energy to organisms and cyanobacteria 
became dominant during the Proterozoic (Schopf 
and Walter, 1982; Des Marais, 2000). 

B. Oxyphototrophic Eukaryotes 

Oxygenic photosynthesis was transferred from 
Bacteria to Eukarya in a single type event, namely 
by the engulftnent of a cyanobacterium-like cell 
by a nonphotosynthetic eukaryote (primary endo- 
symbiosis). It must have occurred more than 1000 
Ma (Palmer and Delwiche, 1996; Cavalier-Smith, 
2000), but molecular biomarkers (steranes) witness 
a much earlier presence of eukaryotes and of oxy- 
gen (2,800 to 2,300 Ma, Brocks et al., 1999). All 
Plantae (green algae and higher plants) derive from 
that event (Cavalier-Smith, 2000; McFadden, 2000; 
Moreira and Philippe, 2001). The integration of the 
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symbionts involved extensive genomic changes, 
including gene losses of the endosymbiont and gene 
enric hm ent of the host (Palmer and Delwiche, 1996; 
Palmer, 1999; Rajan and Martin, 2002), invention of 
Chi a/h-binding proteins, and invention of peptide 
sequences that enable the transport and targeting 
of nuclear-encoded proteins to specific sites in the 
thylakoid membrane (Dalbey and Robinson, 1999; 
van Dooren et al., 2001). The ancestral chloroplast 
could synthesize Chi a, Chi b, Chl-binding proteins, 
phycobilins (PB ) and phycobiliproteins (PBP; Tomi- 
tani et al., 1999). Loss of some of these traits led to 
the appearance of the green algae, the red algae, and 
the glaucophytes, the three direct eukaryotic products 
of primary endosymbiosis (Tomitani et al., 1999; 
Moreira and Philippe, 2001). 

Secondary endosymbiosis is the integration of a 
photosynthetic eukaryote by a non-photosynthetic 
eukaryote. It must have occurred before completion 
of the original integration (Moreira and Philippe, 
2001; Cavalier-Smith, 2002). Green algae were the 
progenitors of euglenoids and chlorarachniophytes, 
and red algae of dinoflagellates, heterokonts, kryp- 
tophytes and haptophytes (Dumford et al., 1999). 
Typical characteristics ofthe secondary symbiotic cell 
are the 3-4 membranes that enclose the plastid, the 
vestigial symbiont cytoplasm ( with few ribosomes) 
and in some cases a degenerate second nucleus, the 
nucleomorph. Tertiary endosymbiosis, the engulf- 
ment and integration of a secondary endosymbiosis 
product by a nonphotosynthetic eukaryote has also 
been described. 

Finally, phylogenetic analyses relate land plants 
to Charophytes (green algae) and microfossil evi- 
dence places the appearance of land plants similar 
to bryophytes in the early Ordovician Era (490-443 
Ma; Graham et al., 2000; Tunnel et al., 2002). For 
a recent review of the evolutionary aspects, the di- 
versity and the general characteristics of algae, see 
Douglas etal., 2003. 



III. Chromophores for Light Harvesting and 
Excitation Handling 

Photon interception and controlled transfer of elec- 
tronic excitation energy (EET) to RC I and RC II 
are the essential functions of the photosynthetic 
chromophores, the Chi, the Car and the PB, while 
excited Chi a (Chi a*) is the only chromophore that 
is involved in the trapping of electronic excitation 



in RC I and RC II by mediating electron transfer 
from a donor molecule to a physically separated ac- 
ceptor molecule. The photosynthetic chromophores 
associate stoichiometrically with specific proteins at 
specific sites to form holochromes or pigment-protein 
complexes (for structural models see Kuhlbrandt et 
al., 1994; Zouni et al., 2001; Ben Shem et al., 2003; 
Kamiya and Shen, 2003; and Liu et al., 2004). Fig- 
ure 1 displays the chemical structures of selected 
photosynthetic chromophores. Details about their 
chemistry and spectroscopy can be found in several 
edited volumes (Vernon and Seely, 1966; Govindjee 
et al., 1986; Scheer, 1991; and Green and Parson, 
2003). 

A. Chlorophylls 

Chlorophylls are substituted derivatives ofthe closed 
tetrapyrrole (Fig. 1, top three structures). A cyclo- 
pentane ring is condensed to C 13 . 15 of the porphyrin, 
and a central Mg 11 ion is co-ordinated to N 21 . 24 . Chi c, 
Chi c , and C hi c 3 are direct porphyrin substitutes and 
have the Cf 7 carboxyl unesterified. An exception is the 
Chi c 2 of Em iliana huxleyi which has the C carboxyl 
esterified to monohexosyldiacylglycerol, being the 
heaviest Chi in nature (C 76 H 96 0 14 N 4 Mg, Garrido et 
al., 2000). Clils a, b. and d are C 17 18 -dihydroporphyrin 
(or chlorin ) products and have phytol (C 20 H 39 OH) 
esterified to the C, 3 7 carboxyl. 

Figure 2 shows a typical absorption (A) and 
fluorescence spectra (B) of Chi a in vitro. There are 
four distinct absorptions at the long wavelength side 
end (Q-region, at 660, 612, 572, and 519 nm) and 
another four at the short wavelength side (Soret or 
B-region, 428, 409, 379, and 326 nm). According 
to four-orbital model of Gouterman (1961) these 
absorptions originate from singlet jt-jt* transitions 
between the two highest occupied molecular orbitals 
(HOMO ) and the two lowest unoccupied molecular 
orbitals (LUMO; Weiss, 1972; Shipman, 1982). 
Due to the asymmetry of the Chi a molecule , these 
transitions are polarizable along the X and Y axes of 
the porphyrin ring (Fig. l,top left). Traditionally, the 
following assignments are made: 660 nm Q y (0,0), 6 12 
mn Q y (l,0), 572 nm Q x (0,0), 5 10 nm Q X (1,0), and 428 
nm (B x ( 0,0) plus B y (0,0). The absorptions below 428 
nm are attributed to mixed transitions (Houssier and 
Sauer, 1970; Weiss, 1972). 

Using X-polarized and Y-polarized spectra of ori- 
ented Chi a molecules, Fragata et al. (1988) resolved 
the Q-region into four electronic (670, 649, 635, and 
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Fig. /. Representative structures of the three kinds of photosynthetic pigments: chlorophylls (top row), carotenoids (lower row. left), 
and phycobilins (lower row right). Porphyrin is the parent structure of Chi c I} C'hl c, and Chi (shown with molecular axes X and Y), 
and 17, 18-di hydroporphyrin is the parent structures of Chi a, Chi b and Chi cl. Numbering of ring atoms is according to IUPAC/1UB 
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P-Carotene is shown in the 1 5-cis configuration, as it exists in RC I. RC II and in the Cyt b 6 f-Rieske complex, and the three important 
xanthophylls. lutein, zeaxanthin and violaxanthin are shown in tlie all -trails configuration, as they exist in light harvesting complexes 
(Koyama and Fujii.1999). 



557 nm) and five vibronic (617, 598, 571 and 556 
nm ) bands, and the B-region into five electronic bands 
(436, 429, 389, 377, and 346 nm). Some bands are 
very weak, and two are polarized at an angle less 
than 90° to the X-axis (notably the intense band at 
670 nm is polarized at 70°). The inadequacy of the 
four-orbital model to describe the multi-band absorp- 
tion spectrum of Chi a in vitro is also supported by 
theoretically computed energy levels (Parusel and 
Grimme, 2000; Sundholm, 2000). 



The absorption and fluorescence band maxima of 
the various Chls (a. b, c 9 c v c 2 , and d) in solution 
are shown in Table 1 . Characteristically, the Q y bands 
of Chi c are located at shorter wavelengths compared 
to Chi a and Chi and the Q y band of Chi d is at 
longer wavelengths. Corresponding spectral shifts 
are evident for the fluorescence bands, which are 
mirror images of the main Q y (0,0) absorption band 
and the satellite Q y ( 1 ,0) band. The spectral posi- 
tions of these maxima depend on the polarity and 
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Wavelength, nm 

Fig. 2. Absorption and fluorescence spectra of chlorophyll a in diethyl ether at room temperature. A. Absorption spectrum. B. Absorption 
spectrum (solid line), fluorescence spectrum (broken line). Modified from Du et al., 1998. 



the water content of the solvents, shifting to longer 
wavelengths as the polarity of the solvent increases 
(Lichtenthaler, 1987). 

Chlorophyll a , the primary chlorophyll of oxy- 
phototrophs (reviewed by Lichtenthaler, 1987; Raven, 
1987; Scheer, 2003), occurs in membrane-embedded 
antenna holochromes, and depending on the organ- 
ism, it is accompanied by the accessory Chi b , Chi c, 
or Chi d. Chi a is almost the exclusive photoactive 
chromophore of RC I and RC II, and almost the only 
fluorescent Chi in vivo at ordinary temperatures 
(Duysens, 1952). 

Chlorophyll b is accessory antenna Chi in pro- 
chlorophytes, green algae, euglenoids, and higher 
plants. Accessory c-type Chls occur in the prokaryotic 
A. (Miyashitaetal., 1997; Chapter 9, Itoh and 

Sugiura) and in eukaryotic Glaucophyceae (Larkum 
and Vesk, 2003). Primarily, however, these chloro- 
phylls (Chi c ; , Chi c 2 , Chi c 3 ) occur in the products 
of secondary endosymbiosis, the chromophytic algae 
( Pheophyceae , Bacillariophyceae) and in Dinoflagel- 
lates). In contrast to photosynthetic cells of higher 
plants, chromophytes have no grana, their LHC 
polypeptides are smaller (17-24 kDa), bind Chi c, 
instead of Chi b , and contain xanthophylls of unusual 
structures. Thus, the LHCs ofpheophytes and diatoms 
bind fucoxanthin, the LHCs of dinoflagellates peri- 
dinin, and the LHCs of xanthophytes diadinoxanthin 
(Buchel and Garab, 1997; and reviews by Larkum, 



2003; and Mimuro and Akimoto, 2003). 

Chlorophyll d occurs as a minor Chi in some red 
algae (Allen, 1966). However, it has been identi- 
fied as the major Chi of prochlorophyte A. marina 
(where Chi a is less than 3% of total Chi; Miyashita 
et al., 1996; Chapter 7, Mimuro; Chapter 9, Itoh and 
Sugiura). Present are also zeaxanthin, a-carotene, 
traces of Chi c-like pigment and the phycobilins 
phycocyanin and allophycocyanin (Miyashita et al., 

1997) . Several characteristics of A. marina are strik- 
ing. Chi d serves as antenna pigment in both PS II 
and PS I (Schiller et al., 1997; Mimuro et al., 1999), 
and as the RC I chromophore (P740; Em = +335 mV) 
where it supplies reducing power (1.68 eV) that is 
nearly equivalent to that of P700 (1.77 eV; Hu et al., 

1998 ) . This is the first instance of a photosynthetic 
RC chromophore that is different from Chi a. The 
RC II complex comprises four Chls a and two Pheos 
(Mimuro et al., 1999 ). It is estimated that there are 
~40 Chls/RC II and 130-140 Chls/RC I (Hu et al., 
1 998 , Mimuro et al., 1 999 ). The presence of photoac- 
tive Chi a and antenna Chi d in PS II implies uphill 
excitation transfer (Chi d -> Chi a). This was indeed 
demonstrated by Mimuro et al. (2000) who observed 
Chi a fluorescence (measured at 68 1 nm) by exciting 
A. marina with 736 nm light. 






Table L Absorption and fluorescence maxima (in nm) of chlorophylls a-d in vitro (various solvents) 



Pigment 


(solvent) 




Absorption 1,2 




Fluorescence 3 (^ c ) 


(Solvent 


Chi a 


Diethyl ether 


428 (111.7) 1 




660 (85.3) 1 


666 










Acetone 


430 




662 (78.8) 1 


668 


713 




(Acetone 


Chi 6 


Diethyl ether 


454(159.1) 




643 (57.82) 


643 


705 




(Diethyl < 




90% Acetone 


457 




646 (46.6) 


652 


710 






Chi c 


Methanol 


447 


584 


632 


- 


- 






Chi Cj 


Diethyl ether 


446 


579 


628 


_ 


_ 








Acetone/1 % pyridine 


446 (348) 2 


578 (28.6) 2 


629 (39.2) 2 


633 


646 


(450) 


(Acetone 




Methanol/ 1% pyridine 


449 (94) 1 


584 (7.6) 1 


634(B) 1 


- 


- 


- 




Chi c 2 


Acetone/1 % pyridine 


445 (32 1) 2 


581 (35.7) 2 


630 (37.2) 2 


635 


696 


(453) 


(Acetone 




Methanol/1% pyridine 


452 (74) 1 


587 (6.6) 1 


635 (7.9) 1 


- 


- 


- 




Chi c 3 


Acetone/ 1 % pyridi ne 


453 (218) 


586 


626 


635 


690 




(Acetone 


Chi d 


Acetone 


446 




689 


697 


760 


(435) 


(Acetone 



Absorbances (in parentheses) in mM 1 cm 1 . Absorbances (in parentheses) in L 1 g 1 m' 1 . 3 The main fluorescence band maximum is undei 



50 



George Christos Papageorgiou 



B. Carotenes and Xanthophylls (Carotenoids) 

Carotenoids (hydrocarbons carotenes, oxygenated 
derivatives xanthophylls ) are present in all Chl-bind- 
ing proteins, including RC complexes, core antennae, 
peripheral antennae of PS II and PS I (reviewed by 
Hiller, 1999; Horton et al., 1999; Bassi and Caffari, 
2000; Fromme, 2001; and Mimuro and Akimoto, 
2003), but also in the Cyt b 6 /-Rieske complex where 
one P-Car and one or more Chi a molecules are 
also present (Huang et al., 1994; Pierre et al., 1997; 
Poggese et al., 1997; Zhang, 1999; Kurisu et al., 
2003). Cars interact excitonically with Clils, both 
as energy donors and energy acceptors, and they 
influence the yield of Chi a fluorescence by various 
quenching processes, including the xanthophyll cycle 
of higher plants (Yamamoto, 1979). Structures of the 
most important Cars are shown in Fig. 1 (bottom left). 
Cars present in holochromes of thylakoid membrane 
complexes of higher plants and cyanobacteria are 
listed in Table 2. The basic Car structure is that of a 
40 carbon linear conjugated polyene, with 6-member 
isocyclic ionone rings at each end. However, many 
modifications exist, especially in the chromophytic 
algae, including Cars with vicinal double bonds, 
triple bonds, carbonyls and shorter or longer poly- 
ene chains. For an extensive list of Cars structures, 
see the review by Scheer (2002); also, Mimuro and 
Akimoto (2003); and Chapter 7, Mimuro, for the 
Cars of cyanobacteria and algae. 

Carotenoids, particularly xanthophylls, are essen- 
tial for proper folding and stabilization of LHC pro- 
teins (Kuhlbrandt et al., 1994; Paulsen, 1999), and 
contribute to the efficiency of photosynthesis (a) by 
providing protection of the photosynthetic apparatus 
against excessive electronic excitation, as well as 
against reactive oxygen species (particularly in higher 
plants, see Chapters 1 8 (Krause and Jahns); 1 9 (Bruce 
and Vasil’ev), 20 (Golan et al.), 21(Gilmore) and 22 
(Adams and Demmig- Adams ), and (b) by harvesting 
light for photosynthesis at different wavelengths than 
those absorbed by Chls and phycobilins (particularly 
in chromophytic algae and dinoflagellates; reviewed 
by Hiller, 1999). 

C. Phycobilins 

Phycobilins (PBs) are bilintetrapyrroles that occur in 
cyanobacteria, prochlorophytes, glaucophytes, rho- 
dophytes and cryptophytes, but not in chlorophytes, 
euglenoids, chlorarachniophytes and higher plants. 
The PBs of cyanobacteria and red algae are phyco- 



cyanobilin (PCB), phycoerythrobilin (PEB), phy cou- 
robilin (PUB) and phycoviolobilin (PVB). However, 
as many as eight different PBs have been described 
(Storf et al., 2001). Typical chemical structures are 
shown in Fig. 1 (bottom right). For chemical struc- 
tures of other PBs, see Scheer (2003), and Chapter 7, 
Mimuro. The PBs are the prosthetic chromophores of 
PBP, which assemble to form the light phycobilisomes 
(PBS; see Section IVC). Information on PB, PBP 
and PBS has been reviewed extensively (Gantt, 1 980, 
1981;Glazer, 1982, 1983, 1984; Scheer, 1981;Gross- 
manetal., 1993; Sidler,1994; Grossman etal., 2003; 
Mimuro and Kikiuchi, 2003; Scheer, 2003; Toole 
and Allnut, 2003; Chapter 7, Mimuro). In solution, 
or when they are ligated to denatured apoproteins, 
PBs are characterized by two absorption bands, in 
the UV (300-380 nm) and in the visible (500-700 
mn) of moderate intensities (typically e max ~ 10-20 x 
1 0 3 M~‘ cm -1 ). These absorptions have been associated 
with a cyclic configuration of the open tetrapyrroles 
ring. When they are attached, however, to the native 
apoprotein, the PBs are forced to assume stretched 
configurations with dramatic consequences on theft- 
spectroscopic properties: the UV absorption bands are 
suppressed, the visible absorption bands are greatly 
intensified (typical e max ~ 2-3 x 10 5 M _1 cm _1 ), and in 
the native PBP the chromophores emit fluorescence 
with <j> = 1 (Scheer, 2003). 



IV. Intramembranous Pigment Holo- 
chromes 

Four membrane protein complexes are involved 
in oxygenic photosynthesis: PS II and PS I absorb 
incoming photons and generate oxidants at the lu- 
men side and reductants at the stroma side of the 
thylakoid membrane; the Cyt h 6 f-Rieske complex 
shuttles electrons between PS II and PS I; and ATP 
synthase couples electron and proton transport to 
ATP synthesis (Ke, 2001; Blankenship, 2002). Fig- 
ure 3 presents absorption and fluorescence spectra of 
detergent-resolved subchloroplast complexes, Table 
2 lists the holochromes and associated pigments of 
higher plants, and Table 3 lists the chapters in which 
absorption and fluorescence spectra appear in this 
volume. 

A. Photosystem II (PS II) 

The composition, structure and function of the PS II 
supercomplex of higher plants has been reviewed 




Chapter 2 Fluorescence of Photosynthetic Pigments 



51 




WAVELENGTH, nm 

Fig. 3. Absorption (left panel) and fluorescence spectra (right panel) of detergent-resolved higher-plant subchloroplast complexes: 
LHC II, light-harvesting complex II; RC II, reaction center 11 complex; PS I, Photosystem I complex basically, RC I. (Adapted from 
Murata and Satoh, 1 986.) 



extensively (Green and Durnford, 1996; Hankamer 
et al., 1997; Barber and Kiihlbrandt, 1999; Woll- 
man, 1999; Bassi and Caffari, 2000; Hankamer et 
al., 2001; Bricker and Frankel, 2002; and Yoder et 
al., 2002). Briefly, it consists of 25, or more, kinds 
of proteins, several of which bind Chls and Cars. At 
its center, there is a dimeric core complex (C 2 ; Peter 
andThornber, 1991; Santini etal., 1994; Boekemaet 
al., 1995), which is flanked on either side by subsets 
(m) of the minor antenna proteins CP29, CP26 and 
CP24, and the whole is, in turn, flanked by variable 
numbers of LHC II trimers that had been designated 
as strongly bound (S), moderately bound (M), and 
loosely bound (L). A typical PS II supercomplex may 
be represented as C 2 m 2 S 2 |M 2 , L 2 | (Boekema et al., 
1999, 2000; Yakushevska et al., 2001). The brackets 
enclose optional trimeric components. A model of the 
supercomplex appears in Color Plate 1, Fig.2. 

1. The PS II Core Complex 

The core complex of spinach has been resolved by 
electron crystallography at 8 A (Rhee et al., 1998) 
and of a thermophilic cyanobacterium, Synechococ- 
cus species, by X-ray crystallography at 3.8 A by 
Zouni et al. (2001), 3.7 A by Kamiya and Shen 
(2003) and 3.5 A by Ferreira et al. (2004). In situ it 



occurs as a homodimer. Per monomer it comprises 
17 proteins (19 according to Ferreira et al., 2004) 3 
of which are extrinsic, has more than 40 cofactors, a 
molecular mass of 320 kDa and dimensions of 205 
A (length), 1 10 A (width) and 105 A (depth). The 
X-ray data allow modeling of the transmembrane 
cx-helices, the identification of cofactors and their 
assignments to binding sites in the protein scaffold. 
Thus, according to Ferreira et al. (2004) each PS II 
core monomer binds 36 Chls a , 7 all-trans carotenes 
(modeled as P-Cars), 2 hemes, 2 PQs, 2 Pheos, 2 
bicarbonates and 1 nonheme Fe. The central part of 
the core complex is occupied by the proteins D 1 and 
D2, which coordinate the photoactive reaction center 
P680 (dimeric Chi a) and the electron transporting 
co-factors. The CP43 core antenna protein flanks the 
homodimer on the D 1 side, and the CP47 protein on 
the D2 side (Tsiotis et al., 1999; Barber et al., 2000; 
Nield et al., 2000). 

2. Peripheral Light Harvesting Complexes of 
PS II 

The structure of the monomeric peripheral LHC 
holochrome of PS II has been resolved by electron 
crystallography at 3.4 A by Kiihlbrandt et al. (1994) 
and ten years later by X-ray diffraction at 2.72 A by 
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Table 2. Holochromes and chromophores of cyanobacteria and higher plants 



Membrane Complex 


Holochrome 


Chlorophylls / 
Pheophytins 


Carotenoids 


PS II core complex 


PsbA/PsbD (D1D2) 


6 Chi a\ 2 Pheo a 


2 -Car 


( thermophilic 


PsbB (CP47) 


14 Chi a 


- 


cyanobacteria ) ab 


PsbC (CP43) 


14 Chi a 


- 


PS II minor antenna 


Lhcb4 (CP29) 


6 Chi a , 2 Chi b 


1 Lu, 1 (Nx+Vx) 


complexes 0 


Lhcb5 (CP26) 


6 Chi a, 3 Chi b 


1 Lu, 1 (Nx+Vx) 


(Zea mays) 


Lhcb6 (CP24) 


5 Chi a, 5 Chi b 


1 Lu, ! Vx 




PsbS d 


(?) 3 


(?>■ 


PS II major antenna 


Lhcbl 


8 Chi a + 6 Chi b 


2 Lu, 1 Nx 


complexes (LHC II) e 


Lhcb2 


8 Chi a + 6 Chi b 


2 Lu, 1 Nx 


(Spinacea) 


Lhcb3 


8 Chi a + 6 Chi b 


2 Lu, 1 Nx 


PS I core complex 


PsaA/PsaB 


85 Chi a 2 


{Cars} 4 


( thermophilic 


PsaF 


- 


{Cars} 4 


cyanobacteria ) f? g 


Psal 


- 


{Cars} 4 




PsaJ 


3 Chi a 


{Cars} 4 




PsaK 


2 Chi a 


{Cars} 4 




PsaL 


3 Chi a 


{Cars} 4 




PsaM 


IChl a 


{Cars} 4 




PsaX 


1 Chi a 


- 


PS I peripheral antenna 


Lhcal 


14 (Chi a + Chi b) 




complex (LHC I) h 


Lhca2 


14 (Chi a + Chi b) 


{Lu, Vx, Ax, Zx}‘ 




Lhca3 


14 (Chi a + Chi b) 






Lhca4 


14 (Chi a + Chi b) 




Cyt 6 6 /Rieske 


Subunit IV 


IChl a 




complex ( thermophilic 


PetL, PetM 


- 


l (3-Car 


cyanobacteriay 









*Psba and PsbD bind 3 Chi a each. One is contributed to P680, another is designated as accessory, and the third as peripheral. 
2 Antenna Chi a , 79; electron transporting Chi a (including the P700 pair), 6. 3 It could not be established whether PsbS binds Chi 
a and/or xanthophylls. 4 A total of 22 Cars, assumed to be (3-Car are associated noncovalently with the indicated core proteins. 
Sources : (a) Zouni et al. (2001); (b) Kamiya and Shem (2003); (c) Moya et al. (2001); (d) Dominici et al. (2002); (e) Liu et al. 
(2004); (f) Jordan et al. (2001); (g) Fromnie et al. (2001); (h) Ben Shem et al. (2003); (i) Verhoeven et al.(1999); (j) Kurisu et 
al. (2003) 



Liu et al. (2004). The model of Kiihlbrandt et al. ap- 
pears in Color Plate 1 . It consists of three transmem- 
brane cx-helices (B, C, A) withtheN-terminus located 
in the stroma and the C -terminus in the lumen, and 
an amphipathic a-helix (D) along the lumen side of 



the thylakoid membrane. The monomer co-ordinates 
eight Chi a and six Chi b which have been specifically 
assigned and the orientations of their transition dipole 
moments characterized by Liu et al. (2004). 

The LHC proteins are coded in the nucleus by the 
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Table 3. Absorption and fluorescence spectra of photosynthetic pigments, complexes and cells, tabulated by the chapter they appear in 
this book. 

(Chapter, author, figure number) Type of spectrum 
Chapter 1 , Govindjee 

Fig. 1 In vivo absorption spectra (estimated) of Chi a, Chi b , Car, PE and PC 

Fig. 5 Emission spectra of spinach thylakoids at room temperature and at 77K 

Chapter 2, Papageorgiou 

Fig. 2 Absorption and fluorescence spectra of Chi a in ether at room temperature 

Fig. 3 Absorption and fluorescence spectra of detergent-resolved subchloroplast complexes from higher plants 

Chapter 5, van Grondelle & Gobets 

Fig. 1 (B) Decay associated fluorescence spectra of trimeric PS I cores of cyanobacterium Synechococcus elongatus 

Fig. 9 Species associated difference fluorescence excitation spectra of LHC II at 77 K 

Chapter 7, Mimuro 

Fig. 4 Time-resolved fluorescence spectra of intact cells of cyanobacterium Anabaena variabilis . 

Chapter 9 , It oh and Sugiura 

Fig. 2 Fluorescence spectra of individual vegetative and heterocystous cells of filamentous cyanobacterium Nostoc sp at room 

Fig. 3 (B) Time-resolved fluorescence spectra of Nostoc sp 

Fig. 4 (C ) Time-resolved fluorescence spectra of spinach PS I particles 

Fig. 5 (A) Absorption spectra and deconvoluted components of spinach PS I-reaction center 

Fig. 8 Absorption spectra of oxygenic ( Acaryochloris marina) and anoxygenic ( Chlorobium ) photosynthetic bacteria 

Fig. 9 (B) Time resolved fluorescence spectra at 77 K of Acaryochloris marina 

Chapter 27, Hoober & Akoyunoglou 

Fig. 4 Fluorescence spectra of greening etiolated plant leaves at 77 K 

Chapter 28, Lichtenthaler & Babani 

Fig. 8, Fig. 9 Fluorescence spectra of Platanus hybrida leaves having different Chi concentrations 

Ihc-gene family (Jansson, 1999); they are transported (Plumley and Schmidt, 1987; Paulsen et al., 1993; 

as precursor apoproteins (pLHC) through the chlo- Horn and Paulsen, 2002). The chromophores of LHC 

roplast envelope membrane and are inserted in the proteins are listed in Table 2 . On the basis of sequence 

thylakoid membrane, where they subsequently bind homologies, all LHC proteins are assumed to cor- 

Chl a, Chi b, and xanthophylls (Chapter 27, Hoober respond to this model, except for the PsbS protein 

and Akoyunoglou). These pigments are necessary for of the minor antenna which has 4 transmembrane 

the proper folding and stability of the LHC proteins a-helices with both polypeptide termini located in 
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the stroma (Li et al., 2000 ). 

Plants cannot control the influx of photons but 
they do control the rate of exciton transfer to RC II. 
The critical condition is an exciton transfer rate that 
matches or is below the maximal rate of photochemi- 
cal turnover that RC II is capable of. Exciton dona- 
tion to RC II in excess of this limit is sensed by the 
oxygenic plants by means of two chemical signals: 

(a) By an overreduction of intersystem electron car- 
riers (see Fig. 4 in Chapter 1 for a detailed electron 
transport scheme of oxygenic photosynthesis); and 

(b) by the acidification of the lumen space. The two 
signals co-exist in strong light, but in weak light 
the intersystem electron carriers may be reduced 
without the lumen being acidified. The difference 
reflects the disparity of buffering capacities between 
the intersystem electron carriers, on one hand, and 
the much larger acid-base buffer of the lumen, on 
the other. In fact, in cyanobacteria the intersystem 
electron carriers can be reduced even in the absence 
of light (Chapter 26, Papageorgiou and Stamatakis, 
and cited references). 

The two chemical signals trigger feedback cascades 
that regulate the rate of exciton transfer to RC II. The 
mechanisms and the physical chemistry of these regu- 
lations are currently hotly pursued research subjects, 
and, thus, several authors of this volume have reviewed 
various aspects of them (Adams and Dennnig-Ad- 
ams, Chapter 22; Allen and Mullineaux, Chapter 1 7 ; 
Bruce andVasil’ev, Chapterl9; Gilmore, Chapter21; 
Golan et al.. Chapter 20; Kramer at al., Chapter 10; 
and Krause and Jahns, Chapterl 8). While overreduc- 
tion of the intersystem carriers triggers the state 1 
to state 2 transition, which synchronizes the RC II 
and RC I turnovers in weak light (Chapter 1 7, Allen 
and Mullineaux; Chapter 19, Bruce and Vasil’ev; 
Chapter 26, Papageorgiou and Stamatakis) it is the 
acidification of the lumen which triggers processes 
to dissipate the excess electronic excitation in PS II 
nonphotochemically (nonphotochemical quenching, 
NPQ) and to regulate, in this way, the rate of exciton 
donation to RC II. 

Electronic excitation energy is supplied to core 
holochromes by peripheral antennae, the membrane 
extrinsic PBS in the case of cyanobacteria and red al- 
gae and the membrane-intrinsic subsets of the pigment 
protein complexes of the major antenna (Lhcbl-3) 
and of the minor antenna (Lhcb4-6), in the case of 
higher plants and green algae. Excess electronic 
excitation in PS II, relative to the amount that RC II 
can handle , results in the acidification of the lumen, 



and then to the protonation of exposed amino acid 
carboxyls, the lowering of the bound negative surface 
charge of exposed proteins and to putative alterations 
in their conformations. These events are supposed 
to trigger the nonphotochemical dissipation of the 
excess electronic excitation from the peripheral LHC 
by processes which are under feedback regulation by 
the proton concentration of the lumen. How this hap- 
pens, it is not known in sufficient detail. Although we 
know the cause (acidified lumen by excessive light ) 
and we know the end result (dissipation of excess 
electronic excitation from LHC complexes as heat) 
the intervening steps are only partially known, despite 
the unquestionably imaginative and highly effective 
research of the last 10 to 15 years. 

One important mechanism of NPQ is via a 
regulated de-epoxidation/epoxidation that cycles 
diepoxide violaxanthin (Vx), the monoepoxide 
antheraxanthin (Ax) and the carotenoid zeaxanthin 
(Zx; known as xanthophyll cycle, Vx ** Ax ** Zx) 
which produces two quenching xanthophylls, Zx and 
Ax. The cycle is triggered by acidic lumen which has 
two consequences: the activation of the membrane 
bound enzyme violaxanthin de-epoxidase (VDE) 
and the protonation of the PsbS protein, causing a 
change in conformation that activates the binding 
of Zx (Demmig- Adams and Adams, 1996; Yama- 
moto et al., 1999; Li et al., 2000). Strong evidence 
for NPQ by the xanthophyll cycle is that it relates 
quantitatively to the amount of Zx and Ax present 
(Demmig- Adams and Adams, 1996; Gilmore et al., 
1998) as well as to the amount of PsbS present (Li 
et al., 2002a, 2002b). 

On the other hand, there exist some disturbing 
uncertainties that hopefully further research will 
clarify. One is the fact that the excited electronic levels 
of Zx are not that much different from those of Vx 
(andAx) and accordingly, in a homogeneous system, 
excitation transfer from Chi* to Vx or Zx would be 
almost equally probable. This dilemma is discussed 
in Chapter 20, by Bruce and VasiTev (see also cited 
literature) who plausibly say that the difference can 
be caused by local geometry factors, such as donor 
-acceptor proximity and mutual orientation. A sec- 
ond uncertainty is at which antenna sites is excess 
Chi* excitation dissipated to heat. There are, at least, 
three schools of thought for this. According to R. 
Bassi and co-workers, the position of the minor an- 
tenna proteins (Lhcb4-6 ) between the major antenna 
trimers (Lhcbl-3) and the core antenna complexes 
(CP43 , CP47), as well as their higher (Vx)/Chl a ratio 
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compared to the major antenna, is sufficient cause 
to suggest the minor antenna complexes as the main 
sites forNPQ of Chi excitation (Pagano etal., 1998a; 
Bassi and Caffari, 2000). However, P. Horton and 
co-workers (Ruban et al., 1999) consider the major 
antenna xanthophylls as the likely sites for excitation 
dissipation, arguing that only loosely bound Vx can 
be a quencher, since it has to bring its two ionone 
headgroups, one after the other, in proximity to the 
membrane -bound VDE. Experiments , however, have 
shown that Vx can be released from CP26 (Frank 
et al., 2000) and CP29 (Crimi et al., 2001) without 
protein destabilization, and when it is replaced by Zx 
severe quenching of Chi a fluorescence occurs. Still 
a third school of thought attaches crucial importance 
to the presence of Zx on PsbS, and hypothesizes 
that the PsbS holochrome is a major conduit for the 
dissipation of Chi excitation as heat (Li et al., 2000; 
Holt et al., 2004). This Zx must be produced by de- 
epoxidation at a different site , and then be transported 
and attached to PsbS, after it is activated by lumen 
acidity. The activation involves protonation of two 
lumen- exposed glutamate residues of PsbS (Holt et 
al., 2004) and possibly its dimerization (Bergantino et 
al., 2003). The problem here, however, is that it is not 
certain whether PsbS can bind Zx (two diametrically 
opposite results have been published; see Dominici et 
al., 2002; and Aspinall-O’Dea et al., 2002). Interest- 
ingly, the PsbS protein has been considered for some 
time as a Chi u/b-bmding holochrome (‘CP22’; Funk 
et al., 1994). However, this does not appear likely 
now (see arguments in Bernardino et al., 2003 and 
Holt et al., 2004). 

Another class of NPQ mechanisms, that may 
express a feedback regulation by lumen acidity in- 
voke protonation and conformational exchanges of 
antenna proteins . See detailed information in Chapter 
10 (Kramer et al.), Chapter 18 (Krause and Jahns); 
Chapter 19 (Bruce and Vasil’ev); Chapter 20 (Golan 
et al.), Chapter 21 (Gilmore), and Chapter 22 (Ad- 
ams and Demmig- Adams). In fact, the pH-regulated 
quenching of Chi a fluorescence by artificial quench- 
ers was a popular research theme in the past ( Amesz 
and Fork, 1967; Etienne et al., 1974; Papageorgiou, 
1975b, and Papageorgiou et al., 1975). 

According to Govindjee (2002), the two kinds of 
electronic excitation dissipative processes that are 
controlled by lumen acidity, the Vx ^ Ax ^ Zx 
de-epoxidation/epoxidation cycle and the proton- 
ation-induced quenching conformations of pigment- 
proteins of the major and the minor antenna may 



occur in parallel. One example how protonation may 
regulate Chi a fluorescence quenching was provided 
by Papageorgiou et al. (1972) who demonstrated its 
dependence on the presence of oxygen, a well-known 
quencher of excited Chi a. In its absence, the lumen 
acidity-dependent quenching of Chi a fluorescence 
is suppressed, in its presence exacerbated. Thus pH- 
dependent protein conformation may regulate the 
access of oxygen, a well-known natural quencher, 
to Chi sites of the LHC proteins. 

B. Photosystem I (PS I) 

The function of PS I is to accept electrons from 
donors (plastocyanin, Cyt c 6 ; E' 0.36 volts) on the 
lumen side of the thylakoid membrane and donate 
them to ac ceptors (ferredoxin, flavodoxin; E ' » -0 . 3 8 
volts) on the stroma side. The required energy input 
for this uphill electron transfer is provided by the 
absorption of light by the Chi pigments of PS I (see 
reviews by Golbeck, 1994; Brettel, 1997; Chitnis, 
2001; Ke, 2001). In higher plants and chlorophytes, 
PS I consists of a core complex and 4 different pe- 
ripheral antenna complexes (LHC I = Lhcal-4); in 
cyanobacteria only the core complex exists, which, 
however, is predominantly trimeric. The PS I core 
proteins bind Chi a only, while the LHC I subunits 
of the higher plants bind both Chi a and Chi b. (For 
further information, see reviews by Golbeck, 1994; 
Fromme et al., 2001 ; Scheller et al., 2001 ; and Xu et 
al., 2001; Chapter 5, van Grondelle and Gobets.) 

1. The PS I Core Complex 

In higher plants, the PS I core complex comprises 
12-13 subunits (PsaA-L,N; reviewed by Scheller et 
al., 2001 ), while in cyanobacteria 12 subunits (PsaA- 
F,I-M,X; reviewed by Fromme et al., 200 1 ; and W. Xu 
et al., 2001). Thus, the M and X subunits are absent 
from the PS I of higher plants, and the G, H and N 
subunits are absent from the PS I of cyanobacteria. 
However, subunit PsaM is present in green algae and 
in gymnosperms. 

The detailed structure of the PS I core complex of 
thermophilic cyanobacterium Synechococcus elonga- 
tus has been resolved at 2. 8 A by Jordan et al . (200 1 ). 
The core complex is trimeric. Each monomer (356 
kDa, d = 90 A, h = 2 10 A) comprises 12 intrinsic pro- 
teins, 96 Chls a and 22 Cars for light harvesting and 
excitation handling, an electron transporting system 
consisting of four Chls a, two phylloquinones, and 
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three Fe 4 S 4 clusters, and also four lipids, about 400 
H 2 0 molecules, and presumably one Ca 2+ . There are 
1 1 transmembrane a-helices in each subunit of the 
PsaA/PsaB heterodimer, with the N -termini project- 
ing in the stroma, and the C -termini in the lumen. 
The 2x5 transmembrane a-helices, that are near 
the C -termini of PsaA and PsaB, enclose the chain 
of electron carriers, which runs along the normal to 
the membrane (parallel to the C 2 pseudosymmetry 
axis of the heterodimer). The ensemble of 2 x 1 1 
transmembrane a-helices of PsaA/PsaB resembles 
the 22 transmembrane a-helices of the PS II-core 
complex (six transmembrane a-helices contributed 
by CP43, six by CP47, five by D1 and five by D2) 
underscoring the evolutionary relation of the two 
core complexes (Barber et al., 1999; Zouni et al., 
2001 ). The PsaA and PsaB core subunits coordinate 
73 Chls a that engage in light harvesting and EET. 
Of these, three Chi a dimers and one trimer have 
been designated as ‘red Chi a ’ in the crystallographic 
model because proximity makes excitation energy 
level splittings likely (Jordan et al., 2001; Fromme 
etal., 2001). 

Red Chi a molecules absorb at wavelengths longer 
than 700 nm, and their spectral bands can be resolved 
at low temperature (see spectra in Chapter 9, Itoh 
and Sugiura). Their numbers and spectral charac- 
teristics depend on the species. For example, the red 
Chi a molecules of S. elongatus have characteristic 
low temperature absorption peaks at 708 nm and 
719 nm (Gobets and van Grondelle, 2001; Chapter 
5, van Grondelle and Gobets, and citations therein). 
Several hypotheses have been proposed with regard 
to their function and utility in photosynthesis, includ- 
ing regulation of electronic excitation diffusion and 
trapping in RC I, and photoprotection (Gobets and 
van Grondelle, 2001, and citations therein). 

The crystallographic model supports two parallel 
branches of electron transport from P700 to Ao (A- 
branch, thick arrows; B branch, thin arrows). Two 
extra Chls a (A2, B2) are involved as electron carriers 
(Fromme et al., 2001): 

(A1/B1)*-»B2 -»A3 -4A(Q k ) -> (A/B)F x->C(F a ) 

-> C(F b ) -> Fdx 

(Al/Bl)* A2 -*B3 B (QJ -* (A/B)Fx -* 

C(F a ) -> C(F b ) -> Fdx 

In the above sequences, A, B, C stand for the core 
proteins PsaA, PsaB, and PsaC, Q k for phylloquinone, 



F x , F A , and F B are the three Fe 4 S 4 clusters, Fdx is 
soluble ferredoxin (Fe 2 S 2 ) on the stroma side, while 
numerals identify Chls a. Al and B 1 are the Chls a of 
P700, which is a heterodimer of Chi a and its C13 2 - 
epimer). It is likely that both paths coexist, with the 
B-branch being the faster (Fromme et al., 2001). 

The majority of Chi a in the core is arranged in 
two layers that surround RC I, one near the stromal 
surface of the thy lakoid membrane and the other near 
the lumenal surface. This arrangement, together with 
the short on the average center-to-center distance 
between neighboring Chi a molecules (~9.9 A; 
Byrdin et al., 2002) favor fast excitation exchanges 
and fast excitation trapping. Thus, the average time 
for a single excitation transfer step was estimated at 
~3.5 ps (Du et al., 1 993), the average exciton trapping 
time in P700 at ~24 ps (Gobets and van Grondelle, 
2001; Chapter 5, van Grondelle and Gobets), while 
it takes the P700 electron less than 500 ns to reach 
the terminal electron acceptors F A /F B (Brettel and 
Leibl, 2001). 

2. Peripheral Light Harvesting Complexes of 
PS I 

The light-harvesting complex of PS I in plants 
(LHC I) consists of four different subunits, Lhcal -4, 
all coded by nuclear genes ( Lhcal-4 ; see reviews by 
Jansson (1994); Gobets and van Grondelle (2001); 
and Scheller etal. (2001)). Subunits Lhcal andLhca4 
form a heterodimer, while subunits Lhca2 and Lhca3 
associate as homodimers. Their molecular masses are 
20-24 kDa, and each binds ~eight Chi a, two Chi b, 
and ~ three Cars. 

The crystal structure of PS I from Pisum sativum 
has been resolved at 4.4 A by Ben-Shem et al. (2003). 
It consists of a core of 12 subunits and a peripheral 
antenna of different LHC Is arranged in a semi -circle 
on one side of the core. A simlar conclusion was 
obtained earlier on the basis of electron microscopy 
data (Boekema et al., 2001). Subunit G of the core 
provides the template for the LHC I binding. Twenty 
Chls, strategically positioned between the peripheral 
antenna and the core, maximize the excitation transfer 
efficiency to the core Chls a and P700. On the other 
hand, core subunit H provides a site for the binding 
of LHC II (enabling intersystem transfer of electronic 
excitation energy during state transitions; Lunde et 
al., 2000; Haldrup et al., 2001) and prevents the for- 
mation of PS I core trimers (Ben Shem et al., 2004 ). 
Subunits G and H are absent from cyanobacteria, the 
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evolutionary precursors of higher plants, which are 
characterized by the presence of trimeric cores and 
the absence of LHC I pigment protein complexes. 



V. Extramembranous Light Harvesting 
Antennae — Phycobiliproteins and 
Phycobilisomes 

Although the presence of extractable blue pigments 
in algae was known early in 19th century (see 
De Marsac, 2003, for an evolutionary view), their 
importance for light harvesting in photosynthesis and 
excitation energy transfer to Chi a was established 
almost a century later by Haxo and Blinks (1950) and 
by Duysens (1952). Further milestone discoveries 
include the first measurement of excitation transfer 
in vivo from a PBP to Chi a (Brody and Rabinowitch, 
1957; Brody, 2002), the discovery of the PBS by 
Gantt and Conti (1966) and the first measurement 
of sequential time resolved fluorescence spectra by 
Mimuro et al. (1984; cf. Mimuro 2002). The structure, 
function, genetics and phylogenetics of PBP and PBS 
have been reviewed quite extensively. A selection 
of reviews is: Gantt (1981), Glazer (1982, 1985), 
Grossman et al. (1993), Sidler (1994), Dumford et 
al. (1999), Scheer (2003); Chapter 7, Mimuro. Here 
only a summary is provided. 

The four major PBP (absorption maxima in pa- 
rentheses) are phycoerythrin (PE; ~565-575 mil), 
phycoerythrocyanin (PEC; ~575 nm), phycocyanin 
(PC; ~6 15-640 nm), and allophycocyanin (APC; 
~650-655 mil). Their basic unit is a heterodimer of 
two polypeptides (a and |>), conventionally called 
the ‘monomer,’ which bind the PB chromophores 
(see section III.C.) to cysteinyl residues by means 
of thioether bridges. Thus, APC and PC bind PCB, 
PE binds either PEB, or PEB and PUB depending on 
the origin, and PEC binds PCB and PXB. The PBP 
monomers aggregate spontaneously to form (ap) 3 
trimers, which together with linker polypeptides 
(L) stack to hexamers, (a|3) 6 L. The dimensions of a 
hexameric disk is ~120 A in diameter and ~60 A in 
height (Glazer et al., 1985). Hexameric disks asso- 
ciate to form PBS. A typical semidiscoidal PBS (in 
cyanobacteria and red algae ) has a core consisting of 
2-3 cylindrical rods of APC trimers, and 6 peripheral 
rods consisting either of PC hexamers, or of PC, PE 
and sometimes PEC hexamers, arranged in a semi- 
circle around the APC core. A semidiscoidal PBS 
model is shown in Chapter 7 (Mimuro). 



The PBS attach noncovalently to the stroma sur- 
face of the thylakoid membrane, where they form 
regular arrays. In contrast to the cyanobacteria and 
the red algae, the cryptophytic algae have no PBS. 
They contain either PC and PE (never APC) in the 
fonn of a 1 a 2 [3|> dimers (Wilk et al., 1999, and cited 
literature). 

Native PBP are powerful light absorbers (typi- 
cally, £ max = 1-2 x 10 5 cm -1 M' 1 )- Electronic excita- 
tion generated PE and PC hexamers migrates to the 
APC core and from there to the Chi proteins of the 
membrane phase. The PBS transfer the majority of 
the excitation they acquire by photon absorption to 
the core complexes CP47 and CP43 of PS II. A minor 
fraction of the PBS excitation ends up in the Chi a 
of the PS I core complex. According to Mullineaux 
(1 997) and Allen and Mullineaux (Chapter 17), this 
transfer may involve a physical displacement of PBS 
from PS II sites to PS I sites, since such displacements 
(diffusion) were actually observed in cyanobacteria 
at photobleaching light intensities. In addition to this 
possibility, Mimuro (Chapter 7) discusses the pos- 
sibility of excitation energy spillover (in the sense 
PBS -> PS II -* PS I) and of modular excitation of 
PS II only via attachment/detachment of the PBS (in 
the sense PBS-PS II ^ PBS + PS II). 

Higher plants and chlorophytes optimize photosyn- 
thesis in low light by means of the state transitions 
mechanism (Chapter 17, Allen and Mullineaux) and 
dissipate excess excitation energy in a regulated man- 
ner by xanthophyll quenching. Both processes rely 
on the existence of peripheral antenna complexes, 
and the state 1 to state 2 transition is triggered by 
the overreduction of intersystem intermediates, 
while xanthophyll quenching by the acidification of 
the lumen (for details, see Chapters 20, Golan et al.; 
21, Gilmore; and 22, Adams and Demmig-Adams). 
However, in contrast to the LHC of higher plants and 
algae, the PBP of cyanobacteria contain no carotenes 
and no xanthophylls. 

How do cyanobacteria, therefore, which appeared 
on the Earth at least 1 billion years before plants 
did, handle situations of light intensity fluctuations 
and light extremes? It appears that the PBS -> PS I 
excitation transfer is reversibly regulated by chemi- 
cal or physical signals as well as possibly the PBS 
-> PS II excitation transfer. In cyanobacteria, the 
PBS -* PS I excitation transfer is enabled when 
(a) the intersystem intermediates are reduced (even 
chemically), (b) when the cell volume is contracted 
in hyper-osmotic medium, and (c) when the lumen 
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is acidified (see discussion by Papageorgiou and 
Stamatakis, Chapter 26; for discussions of feedback 
regulatory processes in higher plants, see Chapter 1 0, 
Kramer et al., and Chapter 18, Krause and Jahns). In 
the latter case, which occurs under strong light, the 
excess excitation that was destined for the PS II core 
complex is transferred and dissipated as heat in the 
PS I core complex in which the Chi a molecules are 
more numerous and more densely packed. 

Finally, an interesting case of negative feedback 
regulation of the PBS -* PS II excitation coupling 
(but interestingly not of the PBS -> PS I excitation 
coupling ) observed with sinusoidal light regimes has 
been reported by Nedbal et al. (2003). 



VI. Concluding Remarks 

In oxygenic photosynthesis, the sine qua non mol- 
ecule is Chi a. It harvests sunlight, transfers electronic 
excitation energy to photochemical reaction centers, 
it traps it there by means of primary redox reactions, 
and stabilizes the generated redox potential difference 
further by downhill electron transport. Clil a stabilizes 
also the structures of the light harvesting complexes 
in whose makeup it participates, and is involved also 
in regulatory processes that optimize photosynthesis 
in weak light and protect it in strong light. Although 
oxygenic photosynthesis is an assembly of partial 
processes that were invented, brought together, co- 
ordinated and perfected over a very long course of 
evolution, and although photosynthetic organisms 
are highly diverse taxonomically, Chi a is present 
in all of them, performing exactly the same tasks. 
In spite of its complexity, oxygenic photosynthesis 
emerges as a highly regulated composite process, with 
overlapping regulatory mechanism for optimizing 
performance as well as for protection. It is indeed 
philosophically interesting that this highly efficient 
process is not governed by ‘intelligence’ (e.g., by a 
central nervous system) but only by the balanced 
application of physical laws. 

Chi a in vivo emits fluorescence whose detection 
and analysis has played a central role in the last fifty, 
or so, years in advancing our understanding of the 
complex mechanism of oxygenic photosynthesis . The 
information carried by the Chi a fluorescence signal 
is the central theme of this chapter, and of course of 
the whole volume, in justification of its title. 
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Summary 

Chlorophyll fluorescence is now widely employed to investigate electron transport and C0 2 assimilation in 
leaves and algae. A brief description of how the application of fluorescence parameters has developed for the 
investigation of electron transport, and C0 2 assimilation in situ, is initially presented and followed by a consid- 
eration of the current appropriate fluorescence terms for such studies. The relationships between the operating 
efficiency of PS II and the efficiencies of PS I and C0 2 assimilation are then examined. It is concluded that 
fluorescence can be a valuable tool in assessing plant photosynthetic performance; however, serious problems 
can arise when attempting to estimate absolute rates of electron transport and C0 2 assimilation. 



I. Introduction 

Following the observation of the chlorophyll (Chi) 
fluorescence induction curve from photosynthetic 
organisms by Kautsky and Hirsch (1931), it was 
realized that changes in fluorescence emission were 
related to changes in photosynthetic rate (McAlister 
and Myers, 1 940; Kautsky and Zedlitz, 1941; Kautsky 
et al., 1 960; see an early volume on Chi fluorescence, 
Govindjee et al., 1986). The proposal of Duysens 
and Sweers (1963) that the primary quinone electron 
acceptor of photosystem (PS) II quenched fluores- 
cence when it was oxidized, but not reduced, led to 
the development of a simple photochemical model 
of PS II, in which the processes of fluorescence, 
photochemistry and non-radiative decay all compete 
for excitation energy within the PS II antenna by first 
order rate processes (Butler, 1978). It became clear 
that fluorescence could be used to examine changes 
in photochemistry in photosynthetic systems, pro- 
vided that the rate constants for Chi fluorescence and 
non-radiative decay were both stable. Unfortunately, 
the rate constant for non-radiative decay is far from 
stable (see review by Krause and Weiss, 1991; also 
Chapters 10, Kramer et al.; 18, Krause and Jalins; 
19, Bruce and Vassil’ev; 21, Gilmore; 22, Adams 



Abbreviations - quantum yield of C0 2 assimilation.; 
CAM - Crassulacean acid metabolism; Chi - chlorophyll; 
DCMU - 3- (3 ,4-dichlorophenyl)- 1 , 1-dime thy lurea; ETR e lec- 
tron transport rate; F' - fluorescence level at any point between 
F 0 ' and F m '; F m - maximal fluorescence level from dark-adapted 
leaves; F m ' - maximal fluorescence level from leaves in light; 
F 0 - minimal fluorescence level from dark-adapted leaves; 
F 0 ' - minimal fluorescence level of leaves in light; F difference 

in fluorescence between F m ' and F' (F ' = F m ' - F); F v -vari- 
able fluorescence level from dark-adapted leaves (F v = F m - FJ; 
F v ' - variable fluorescence level of leaves in light (F v F m '-F 0 r ); 
NPQ - non-photochemical quenching; PPFD - photosyntheti- 
cally-active photon flux density; PS - photosystem; Q A - primary 
quinone acceptor of PS II 



and Demmig-Adams). Consequently, in order to 
use fluorescence as a probe of PS II photochemistry 
in a quantitative manner, it is essential to be able to 
quantify the extent to which Chi fluorescence is de- 
creased from the maximum level by photochemistry 
(photochemical quenching) and non radiative decay 
(non-photochemical quenching). 

A major step in the quantification of the photo- 
chemical and non-photochemical components of 
fluorescence quenching was the addition of 3 -(3 ,4- 
dichlorophenyl)- 1 , 1 -dimethy lurea (DCMU) to intact 
chloroplasts and cells of Chlorella at different points 
through the fluorescence induction curve, as dark- 
adapted samples were exposed to light (Krause et 
al., 1981, 1982). The addition of DCMU resulted in 
a rapid increase in fluorescence, associated with the 
reduction of the primary quinone acceptor of PS II 
(Q a ) (reversal of photochemical quenching), followed 
by a slower increase in fluorescence, associated 
with the decay of non-photochemical quenching. 
Unfortunately, the slow and uneven penetration of 
DCMU into leaves make this technique unsuitable 
for work with intact plants. The irreversibility of 
DCMU treatment is also a weakness of this method. 
The problem of ensuring rapid and reasonably uni- 
form reduction of Q A in leaves, without terminating 
photosynthetic electron transport, was addressed by 
greatly increasing the incident photosynthetically- 
active photon flux density (PPFD ) at points through 
the induction curve (Bradbury and Baker, 1981). 
This Tight addition’ will reduce oxidized Q A , and if 
the increase in PPFD is very large the fraction of the 
Q a pool in the oxidized state will decrease almost to 
zero. The amplitude of the increase in variable Chi 
fluorescence that is generated by the additional light 
is related (in a non-linear manner) to the fraction of 
the Q a pool in the leaf that was in the oxidized state 
immediately before the increase in incident PPFD. 
Light addition was further exploited to quantitatively 
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assess the fraction of Chi fluorescence quenching that 
could be attributed to photochemistry and a number 
of non-photochemical quenching processes in leaves 
(Bradbury and Baker, 1984). 

The subsequent development of modulated fluo- 
rometers allowed for the routine, non-destructive 
estimation of photochemical and non-photochemi- 
cal quenching components in isolated protoplasts 
(Quick and Horton, 1984) and leaves (Dietz et ah, 
1985; Ogren and Baker, 1985; Schreiberetal., 1986; 
Chapter 11, Schreiber), through the application of 
short (ca. 1 s), super-saturating pulses of light. How- 
ever, the value of such measurements was increased 
enormously with the demonstration, by Genty et al. 
(1989) that the quantum efficiency of PS II photo- 
chemistry could be estimated from the modulated 
fluorescence yield prior to application of a saturating 
pulse and the maximum increase in the modulated 
fluorescence yield resulting from the pulse. Crucially, 
the calculated value of the quantum efficiency of 
PS II photochemistry related directly to the quantum 
yield of C0 2 assimilation (<b C02 ) in the absence of 
photorespiration (Genty et ah, 1989). Consequently, 
this discovery meant that Chi fluorescence analysis 
could potentially be used to provide rapid and non- 
destructive estimates of <1> C02 and photosynthetic 
productivity. This development, together with the 
commercial availability of reasonably cheap and easy 
to use portable, modulated fluorometers (Bolhar-Nor- 
denkampf et al., 1989; Schreiber et al., 1989), has 
rapidly extended the use of Chi fluorescence analysis 
to a wide range of plant biologists with interests in 
topics as diverse as chloroplast development and 
climate change. 

In this chapter we review the techniques and 
fluorescence parameters that are used to estimate 
the efficiency of PS II photochemistry in leaves and 
examine how reliable fluorescence-based methods are 
for the estimation of photosynthetic productivity. 



II. Fluorescence Terminology 

Analyses of Chi fluorescence induction transients and 
photochemical and non-photochemical quenching of 
fluorescence have involved the use of a wide range 
of terms, many of which have been unfortunately 
duplicative. Consequently, researchers using fluores- 
cence analyses for the first time often find themselves 
overwhelmed and confused by the diverse nomen- 
clature. Although many attempts have been made to 
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establish a consistent terminology (van Kooten and 
Snell, 1990; Maxwell and Johnson, 2000; Baker et 
al., 2001), recent publications still contain many ex- 
amples of different terms being used to describe the 
same fluorescence level or parameter, and even of one 
term being used to describe different parameters. 

The most widely used fluorescence parameters 
require measurement of the fluorescence signal at 
F m (maximal fluorescence level from dark-adapted 
leaves) or F m ' (maximal fluorescence level from leaves 
in light). Most parameters also require measurement 
at F 0 (minimal fluorescence level from dark-adapted 
leaves) and/or F' (fluorescence level at any point 
between F a ' and F m '). The most common method 
used for determination of these fluorescence levels is 
illustrated in Fig. 1 (also see discussions in Chapters 
11, Schreiber; and 18, Krause and Jahns). Starting 
with a dark-adapted leaf, F 0 is determined at very 
low PPFD (generally well below 1 pmol photons 
nr 2 s -1 ), which ensures that virtually all PS II reaction 
centers are in the ‘open’ state (with Q A oxidized) and 
therefore capable of photochemistry. For the dark- 
adapted leaf F m is generated during a short pulse at 
high PPFD (typically less than 1 s at several thousand 
umol photons nr 2 s -1 ). This pulse transiently drives 
a very high proportion of PS II reaction centers into 
the ‘closed’ state (with Q A reduced), thereby decreas- 
ing the capacity for PS II photochemistry almost to 
zero. When the leaf is exposed to actinic light and 
all PS II centers are ‘open,’ the (minimum) level of 
fluorescence is defined as F 0 \ Similarly the maximum 
fluorescence in the light, which occurs after appli- 
cation of a high light pulse has closed most PS II 
centers, is termed F m '. At any point between F a ' and 
F m \ where a variable proportion of PS II centers are 
in the open state, the fluorescence signal is termed 
F'. The difference between F 0 and F m is termed the 
variable fluorescence (F v ), and the difference between 
F a ' and F m ' is termed F v ' . While F v and F v ' have been 
widely used for many years, there has been no specific 
term in general usage for the difference between F m ' 
and F Although A F has frequently been used in this 
context, this is a very general term that has also been 
used in many other situations to denote the difference 
in the fluorescence signal measured at any two given 
points. The term F q ' has recently been introduced to 
specifically denote the difference between F m ' and 
F' measured immediately before application of the 
saturating pulse used to measure F m ' (Oxborough 
and Baker, 2000; Oxborough et al., 2000; Baker et 
al., 2001). 
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0.1 nmol photons nr 2 s _1 



0. 1 pmol photons nr 2 s _1 



Fig. 1. Chlorophyll fluorescence trace from a leaf illustrating the terminology used and the sequence of events leading to the acquisi- 
tion of fluorescence parameters. Initially the dark adapted leaf is exposed to a modulated measuring beam of 0.1 pmol photons m 2 s 1 
(dashed upward arrow) to determine the minimal fluorescence level, F a . Exposure to a short 0.5 s high light pulse of ca. 10,000 pmol 
photons m 2 s 1 (solid upward arrow) transiently induces the maximal fluorescence level, F w . After the high light pulse the leaf is exposed 
to an actinic PPFD of 685 pmol photons m 2 s 1 (indicated by solid bar at bottom of figure), which initially produces a rapid increase in 
fluorescence followed by a quenching as photosynthesis is induced. The fluorescence level at any point in the actinic light is designated 
as F\ Application of high light pulses at different times throughout the induction of photosynthesis (solid upward arrows) produces the 
maximal fluorescence level in any given light-adapted state, F m '. Switching off the actinic 685 pmol m 2 s 1 of actinic light and expos- 
ing the leaf to ca. 30 pmol photons m 2 s~ ] of far red light of between 720 and 730 nm for 4 s (dashed downward arrows) induces PS 11 
centers to open and allows estimation of the minimal fluorescence level in at light adapted state, F 0 \ Complete removal of the actinic 
light allows recovery from F' back to F n . Addition of high light pulses to the leaf in the dark produces F mt which slowly recovers to the 
F m level observed from the dark-adapted leaf at the beginning of the protocol. 



III. Fluorescence Parameters 

A. Estimating the Maximum Efficiency of 
Photosystem (PS) II Photochemistry in the 
Dark-Adapted State 

The well established fluorescence parameter F v /F m 
provides an estimate of the maximum quantum 
efficiency of PS II photochemistry. The value of this 
parameter can be changed by both photochemical 
and non-photochemical factors. For example, if an 
F v /F m measurement is made on a dark-adapted leaf 
and the leaf is then subjected to an extended period 
of high light, it is likely that a subsequent F v /F m 
measurement, made a few minutes after the high 
light treatment, would reveal a decrease in the value 
of this parameter. This decrease could result from a 
decrease in the fraction of PS II centers that are ca- 
pable of photochemistry and/or downregulation (an 
increase in non-photochemical quenching) that has 
not reversed between the end of the light treatment 
and measurement of F v /F m . 



Another useful parameter that requires measure- 
ment of fluorescence at the F 0 and F m levels is FJ 
F m F 0 (Baker and Dominy, 1980; Dominy and Baker, 
1980), which is equivalent (both mathematically and 
conceptually) to ( \/F m ) - ( \/F 0 ), a term introduced by 
Haveaux et al. (1991). As the denominator contains 
two fluorescence terms (F 0 and F m ) and the numera- 
tor only one (F v ), this parameter must be normalized 
to gain meaningful information. It then becomes 
{F vR -F m F 0 )/{F-F mR -F nR ), where the subscripted R 
represents the ‘reference’ values. This parameter 
differs from F v /F m in that it quantifies the effect of a 
particular treatment on the fraction of PS II centers 
that are capable of photochemistry, independently 
of any effect of the treatment on the level of down- 
regulation. For example, a particular light treatment 
might result in a decrease in FJF m from 0.8 to 0.6, but 
have no effect on the normalized value of F v /(F m FJ. 
This would indicate that all of the decrease in FJF m 
was due to downregulation that has not reversed by 
the point of measurement. Alternatively, a decrease 
in F v /F m from 0.8 to 0.6 might be combined with a 
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normalized value of 0.9 for F/(F m FJ. In this case, 
the apparent 1 0% decrease in the normalized value of 
F v /(F m FJ is much smaller than the 25% decrease in 
F v /F m , indicating that F v /F m has been decreased by 
both a decrease in the fraction of PS II centers capable 
of photochemistry and sustained downregulation. 

B. Estimating PS II Photochemical Efficiency 
in the Light-Adapted State 

Genty et al. ( 1 989) showed that the operating quantum 
efficiency of PS II photochemistry (hereafter termed 
the PS II operating efficiency) was theoretically 
proportional to F q /F m ' and was the product of two 
other important fluorescence parameters, F x '/F m ' 
and F q IF J: 



F v '/F m ' provides an estimate of the maximum 
quantum efficiency of PS II photochemistry (here- 
after termed the PS IT maximum efficiency), which 
is simply the PS II operating efficiency when all 
PS II centers are open at the point of measurement. 
F q '/F v ' is a straightforward factor (hereafter the 
PS II efficiency factor), which provides an estimate 
of the fraction of the PS II maximum efficiency that 
is actually realized. 

F q IF v ' is non-linearly related to the proportion of 
PS II centers that are in the ‘open’ state, and is math- 
ematically identical to the widely used coefficient of 
photochemical quenching, qP (see Section III.D). 
One reason for avoiding use of the term qP is that, 
in the context of equation 1, F q /F v ' is a factor, not 
a coefficient. Another problem with qP is that it has 
been widely used as an estimate of the proportion 
of PS II centers in the ‘open’ state (see Maxwell and 
Johnson, 2000). If there were little or no excitation 
energy transfer (connectivity) among PS II centers 
then this premise would hold. However, there is 
overwhelming evidence that PS II connectivity is 
actually quite high, and, consequently, the relation- 
ship between the closure of PS 11 centers and F q /F v ' 
is not linear, but curvilinear (Joliot and Joliot, 1964; 
see Fig. 2; for additional discussion on ‘connectiv- 
ity,’ see Chapter 12, Strasser et al.). The relationship 
between F q /F v ' and the proportion of PS 11 centers 
in the open state is complex and depends not only 
on the degree of connectivity between PS II centers, 




Fig. 2. The relationship between the PS II operating efficiency, 
defined by Fq VFv , ' and the fraction of PS II centers in the open 
state. The dashed line represents a PS II population with zero 
connectivity among the various PS II units (i.e. excitation cannot 
be transferred between PS II units). The solid lines represent a 
PS II population with perfect connectivity (i.e. all PS II centers 
embedded within a single pigment matrix and capable of receiving 
excitation energy from antenna pigments throughout the matrix) at 
different levels of down-regulation (the arrow indicates the effect 
of increasing down-regulation). The model used to generate these 
data is described in Oxborough and Baker (2000). 



but also on the amount of downregulation (i.e., light- 
induced, non-photochemical quenching at PS II). 
The theoretical relationship between F q '/F v ' and the 
proportion of open PS II centers, with either no con- 
nectivity or perfect connectivity and with different 
levels of downregulation is shown in Fig. 2. These 
data clearly illustrate the decrease in curvilinearity 
that occurs as downregulation is increased. 

In order to calculate F v '/F m ' and F q /F v ' the value 
of F 0 ’ must be known (see Fig. 1). F n ' has frequently 
been measured by exposing the leaf at F ' to weak far- 
red light in the absence of actinic light (van Kooten 
and Snel, 1990; Maxwell and Johnson, 2000). It is 
assumed that under these conditions Q A is maximally 
oxidized due to preferential excitement of PS I (rela- 
tive to PS II) by the far-red light. There are at least two 
potential sources of error with this method. Firstly, 
it is very likely that non-photochemical quenching 
will partly reverse during the far-red light treatment. 
Secondly, and more importantly, this method relies on 
the complete oxidation of Q A (which, in turn, relies 
upon oxidation of the plastoquinone pool) within a 
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relatively short time (typically ca. 3 s) in the pres- 
ence of a ApH across the thylakoid membrane. It is 
almost certainly the case that under these conditions 
the oxidation of plastoquinone at the Q 0 site of the 
cytochrome b 6 f complex imposes a much greater 
limitation to non-cyclic electron flow than does the 
rate of excitation of PS I (Bendall, 1982). Conse- 
quently, it is unlikely that the preferential excitation 
of PS I by far-red light treatment will have the desired 
effect and that the level of F 0 ' will be overestimated, 
particularly at high PPFD (see also relevant discus- 
sions in Chapters 11, Schreiber; and 22, Adams and 
Demmig-Adams). 

An alternative method of F a ' estimation has been 
developed, originally for use with a high-resolution, 
Chi fluorescence imaging system (Oxborough and 
Baker, 1997; Chapter 15, Oxborough) With this 
method F a ' is calculated using the value of F m ' at the 
point of measurement and dark-adapted values ofF 0 
and F m measured before or (more usually ) after the 
measurement of F m 




Recently, it has been suggested that this method 
of estimating F 0 ' cannot be applied in situations 
where plants are stressed and significant amounts of 
photoinhibition may occur (Maxwell and Johnson, 
2000). This is not the case. The only requirements 
for the calculation of F 0 ' fr om equation (2) are that 
(i) all the PS II centers are open at the point at which 
F a is measured, (ii) there is no reversal of down-regu- 
lation between the measurement of F a and F m , and 
(iii) there is no reversal of photoinhibition between 
the measurement of F m ' and F m . In reality, given the 
inherent difficulty of accurately measuring F 0 ', it can 
be argued that its calculation from Eq. (2) is likely to 
provide a more accurate estimate of this fluorescence 
level than does direct measurement. The theoretical 
basis of this method is dealt with in more detail by 
Oxborough (Chapter 15). 

It is well established that emissions from both PS II 
and PS I can contribute to F a with the contribution of 
PS I pigments, which do not contribute to F v , being 
considerably greater above 700 nm (Lavorel, 1962; 
Moya et al., 1981). Consequently, measurements of 
fluorescence parameters at wavelengths above 700 
mn are likely to give rise to significant errors when 
used to calculate F a ' (Genty et al., 1990b; Chapter 
15, Oxborough). 



C. Estimating Non-photochemical Quenching 

The term NPQ is widely used to represent non-photo- 
chemical quenching. It is most commonly associated 
with the fluorescence parameter (F m IF m ') - 1 , which is 
a rearrangement of the Stem-Volmer equation (Bilger 
and Bjorkman, 1 990; Chapters 18, Krause and Jahns; 
and 22, Adams and Demmig-Adams). This equa- 
tion simply states that the reciprocal of fluorescence 
yield is proportional to quencher concentration. So, 
for example, an increase in (FJF m ') - 1 from 1 to 
2 could be interpreted as a doubling of quencher 
concentration. In reality, there is little evidence that 
fluorescence yield is actually modulated by quencher 
concentration and it should be appreciated that a 
change in the rate constant of a quenching mecha- 
nism, at any location within the PS II pigment bed, 
wouldbe indistinguishable from a change in quencher 
concentration. Although (FJF m ') - 1 can clearly be 
a useful parameter, it is important to recognize that 
it is simply monitoring the apparent rate constant for 
non-radiative decay, normalized to the dark-adapted 
level . Consequently, it is only valid to compare values 
among samples if it is known that the samples started 
off in the same condition; similar initial values of 
FJF m would be a good indication of this. 

The efficiency of non-radiative decay processes 
at PS II has also been estimated using 1 - (F v 7F m ') 
(Demmig-Adams etal., 1996;Verhoevenetal., 1997; 
Barker et al., 1998; Chapter 22, Adams and Demmig- 
Adams). This parameter actually provides an estimate 
of what the combined efficiency of non-radiative 
decay processes and Chi fluorescence would be if all 
PS II centers were open at the point of measurement. 
Since the fraction of PS II centers in the open state 
tends to decrease with increasing incident PPFD, 
this parameter becomes an increasingly inaccurate 
method of estimating the efficiency of non-radiative 
decay processes at PS II. 

D. Quenching Coefficients 

As noted in Section III.B., q? (the coefficient of 
photochemical quenching) has often been used (in- 
correctly) as a proxy for the fraction of PS II centers 
in the open state. All of the remaining quenching 
coefficients relate to non-photochemical quenching 
(NPQ) processes: q N is the coefficient of total NPQ; 
qE, the coefficient of energy-dependent quenching 
component of NPQ; i/T. the coefficient of NPQ 
associated with state-transitional changes; ql, the 
coefficient of NPQ associated with photoinhibi- 
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tion. These coefficients are usually calculated from 
1 - (F v VF v ) where F v is the variable fluorescence in 
the initial (dark-adapted) state and F v ' is the variable 
fluorescence at the point at which the value of a par- 
ticular coefficient is being calculated. A significant 
problem with this method is that any change in the 
effective rate constant for PS II photochemistry will 
decrease the value of the supposedly non-photochemi- 
cal quenching coefficient that is being calculated. An 
example of where this might occur is when a healthy 
plant is subjected to photoinhibitory conditions (e.g. 
a combination of high light and low temperature). 
Under photoinhibitory conditions the rate at which 
PS II centers are inactivated exceeds the rate at which 
they are replaced, with a consequent decrease in the 
effective rate constant for PS II photochemistry. 
(Also see Chapters 17, Allen and Mullineaux; and 
18, Krause and Jahns.) 

E. Sources of Error 

There are sources of error that prevent fluorescence 
parameters being used in a truly quantitative sense. 
For example, to interpret a value of 0.6 for F q 7F m ' as 
indicating that 60% of the photons absorbed by the 
PS II pigment matrix are used to drive PS II photo- 
chemistry would be to ignore (i) the contribution of 
PS I fluorescence to the overall fluorescence signal, 
which decreases the value of F q 7F m ' (Genty et al., 
1 990b; Pfundel, 1 998; see also section IIIB; Chapters 
15, Oxborough; and 22, Gilmore), (ii) charge recom- 
bination to states of P680 at closed PS II centers dur- 
ing the F m ' pulse, which decrease the value of F q 7F m ' 
(Chapter 15, Oxborough), and (iii) reduction of the 
plastoquinone pool during the super-saturating pulse 
used to measure F m ' (Vernotte et al., 1979), which 
increases the value of F q 7F m ' (Kramer et al., 1 995). 
The impact of PS I fluorescence and reduction of the 
plastoquinone pool during measurement of F m and 
F m ' are discussed in more detail in Section VI. 

IV. Relationship between the Operating 
Efficiencies of PS I and PS II Electron 
Transport 

The quantum efficiency of PS I photochemistry 
(hereafter termed PS I operating efficiency) is directly 
related to the fraction of P700 that is not carrying 
a positive charge following charge-separation. This 
can be estimated from changes in the absorbance by 
P700 at 820 nm (Harbinson and Woodward, 1987; 



Weis et al., 1987; Harbinson and Hedley, 1988, Sch- 
reiber et al., 1988). Simultaneous measurements of 
PS I and PS II operating efficiencies from leaves of 
C 3 plants in wide range of physiological conditions 
have shown a strong linear correlation between these 
two parameters (Fig. 3; Harbinson etal., 1989, 1990; 
Foyer et al., 1990, 1992; Genty et al., 1990a; Habash 
etal., 1994; Klughammer and Schreiber, 1994). This 
linearity between the operating efficiencies of PS I and 
PS II suggests that the operating efficiency of PS II, 
as estimated from fluorescence, is a good measure of 
the relative quantum efficiency of non-cyclic electron 
transport. Also, this relationship indicates that either 
PS I-mediated cyclic electron transport does not 
occur at significant rates in vivo or, if it does, then 
the cyclic electron flux is always proportional to the 
non-cyclic electron flux. 

There are some situations where the operating 
efficiencies of PS 1 and PS II are not correlated in C 3 
leaves. For example, during the induction of photo- 
synthesis and at low atmospheric C0 2 concentration, 
however, these exceptions have been attributed to an 
artifact in the measurement of quantum efficiency of 
PS I from the 820 nm absorbance change (see Kramer 
and Crofts, 1996). 

V. Factors Associated with Changes in PS 
II Operating Efficiency 

A. Introduction 

As discussed above (Section III.B), the PS II oper- 
ating efficiency is the product of F'tF m (the PS II 
maximum efficiency) and F q 7F v ' (the PS II efficiency 
factor). Consequently, changes in the PS II operating 
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Fig. 3. The relationship between the operating efficiencies of PS 
I and PS II of a barley leaf exposed to atmospheric oxygen con- 
centrations of 2 (•) and 20 (O) % over a PPFD range of 50-1 600 
gmol photons m 2 s ’. Drawn from data of Genty et al. (1990). 
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efficiency can be associated with changes in F v 7F m \ 
F q 7F v ' or both parameters. The value of F v VF m ' is 
determined by the rate constants for both photochem- 
istry and non-radiative decay at PS II. In non-stress 
situations, the rate constant for photochemistry is 
relatively constant and, consequently, F v 7 F m ' is very 
largely defined by changes in the rate constant for non- 
radiative decay (downregulation). The rate constant 
for non-radiative decay at PS II also affects the value 
of F (j 7 F v However, the effective rate constant for 
photochemistry (which is proportional to the fraction 
of open PS II centers) generally has a much greater 
effect on the value of F 7F V particularly during the 
induction of photosynthesis and under high light 
conditions. Under most non-stress conditions, the 
effective rate constant for photochemistry is defined 
by the effective rate constant for Q A oxidation which, 
in turn, is highly dependent on the rate at which car- 
bon assimilation is able to utilize the NADPH and 
ATP that are produced as the result of photosynthetic 
electron transfer. (For details of the electron carriers 
involved, see Ke, 2001.) 

The examples given below illustrate how Chi 
fluorescence can be used to determine the extent to 
which the PS II operating efficiency is determined 
by downregulation at PS II and/or utilization of the 
products of electron transport by downstream meta- 
bolic processes. 

B. Examples 

1. Changes in PS II Operating Efficiency Dur- 
ing Induction 

During the induction of photosynthesis in a dark- 
adapted maize leaf, large fluctuations in the PS II op- 
erating efficiency were observed over tens of minutes 
(Fig. 4; Oxborough and Baker, 1997). Conversely, 
there were only very small changes in F' after the 
first minute of excitation. These large fluctuations in 
PS II operating efficiency were primarily associated 
with fluctuations in the PS II efficiency factor (F 7 
F v ’\ with only small changes being observed in the 
PS II maximum efficiency (F v 7F m ') (Fig. 4). Clearly, 
in this example, the fluctuations in photosynthesis 
during induction are almost entirely associated with 
changes in the ability of processes down-stream of 
PS II to utilize the products of electron transport, 
with downregulation playing a very minor role in 
defining the PS II operating efficiency. 




Time (min) 

Fig. 4. Changes in Fq VFm ' (•), Fv VFm ' ( A) and Fq VFv ' (O ) dur- 
ing induction of photosynthesis in a dark-adapted, mature maize 
leaf on exposure to a PPFD of 8 1 5 pmol photons m 2 s 1 over 60 
minutes. Drawn from data of Oxborough and Baker (1997). 



2. Changes in PS II Operating Efficiency with 
Photosynthetically-active Photon Flux Density 
(PPFD) 

It is well established that the PS II operating efficiency 
of leaves decreases with increasing PPFD in a non- 
linear manner, and that this decrease typically involves 
changes in both the PS II maximum efficiency and the 
PS II efficiency factor (Genty et al. 1 989). However, a 
consistent relationship between PPFD and the relative 
contributions of both parameters to the overall value 
of the PS II operating efficiency is not evident from 
the extensive literature on the subject. An interesting 
example is provided in Fig. 5 by the fluorescence data 
of Lawson et al. (2002), which are taken from guard 
cells and mesophyll cells of an attached Tmdescantia 
leaf, over a range of PPFDs, between 0 and 800 pmol 
photons nr 2 s -1 , using a high-resolution fluorescence 
imaging system (Chapter 15, Oxborough). These 
data show that the PS II maximum efficiency only 
decreases up to a PPFD of approximately 100 pmol 
photons m 2 s ’, while the PS II operating efficiency 
and PS II efficiency factor continue to decrease over 
the whole range (Fig. 5). It would therefore seem that, 
in this instance, the capacity to consume ATP and 
NADPH in carbon assimilation is playing the major 
role in determining the PS II operating efficiency 
over most of the range of PPFD values. 

3. Changes in PS II Operating Efficiency dur- 
ing State Transitions 

Changes in the PS IT operating efficiency of leaves 
during the transition from State 1 to State 2 are also 
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Fig. 5. Responses of Fq VFm ’ (A), Fv VFm ' (B) and Fq 7Fv ' (C) 
of mesophyll (■) and guard cells (O) in green areas of a varie- 
gated Tradescantia leaf to increasing PPFD. Drawn from data of 
Lawson et al. (2002). 



largely determined by the PS II efficiency factor 
(Andrews et al., 1993). When a leaf is exposed to 
a PPFD of 35 umol photons nr 2 s 1 (white light), 
supplemented with 12 pmol photons m 2 s 1 far-red 
light, the preferential excitation of PS I, relative 
to PS II, drives the photosynthetic apparatus into 
State 1. On exposing the leaf in this State 1 condition 
to a PPFD of 35 jimol photons nr 2 s _1 white light, 
supplemented with 55 pmol photons nr 2 s -1 red light, 
the leaf is driven into State 2. This State 1 to State 2 
transition is associated with a large, rapid decrease 
in the PS II operating efficiency, followed by a much 
slower recovery (Fig. 6; Andrews et al., 1993). The 
immediate, rapid decrease in the PS 11 operating 
efficiency that is observed upon switching from the 




Fig. 6. Changes in Fq VFm ' (#), FvVFm ' (A) and Fq '/Fv ' (■) 
on transfer of a wheat leaf from 35 umol photons m 2 s 1 of 
white light supplemented with 12 pmol photons m 2 s 1 of 710 
nm far-red light (Light 1) to 35 pmol photons m 2 s 1 of white 
light supplemented with 55pmol photons nr 2 s 1 of 650 nm red 
light (Light 2). Light 1 generates State 1 in the leaf and transfer 
to Light 2 induces a transition from State 1 to State 2. Drawn 
from data of Andrews et al. (1993). 



far-red to the red-enhanced light can be attributed to 
a rapid reduction of the plastoquinone pool, which 
decreases the effective rate constant for the oxidation 
of Q a at closed centers, thereby decreasing the value 
of the PS II efficiency factor (Fig. 6). A subsequent 
slow increase in PS II operating efficiency was ac- 
companied by a similar increase in the PS II efficiency 
factor. In contrast, the PS II maximum efficiency 
decreased throughout this period. Clearly, the slow 
increase in PS II operating efficiency is attributable to 
factors that facilitate an increase in the rate at which 
electrons can be accepted from PS II (a higher flux 
of electrons through PS II), and not to a decrease in 
downregulation, which actually increased over this 
period. (For a complete description of state changes, 
see Chapter 17, Allen and Mullineaux.) 

4. The Effect of Elevated Atmospheric C0 2 on 
the PS II Operating Efficiency 

Elevated atmospheric C0 2 concentration has been 
shown to increase the PS II operating efficiency 
of wheat plants grown in a controlled environment 
(Flabash et al., 1995). This increase in PS II operat- 
ing efficiency was associated with an increase in 
the PS II efficiency factor with little change in the 
maximum PS II efficiency being observed. A study 
of diurnal variation in photosynthesis of loblolly pine 
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needles under current atmospheric C0 2 concentration 
and in elevated C0 2 at a free-air C0 2 enrichment 
(FACE) site in North Carolina also indicated that the 
PS II efficiency factor, and not the maximum PS II 
efficiency, was the major factor determining large 
changes in the PS II operating efficiency (Flymus 
et al., 1999). Over the year elevated C0 2 produced 
large changes in the light-saturated PS II operating 
efficiency, which were accompanied by changes in 
the PS II efficiency factor with much smaller changes 
being observed in the maximum PS II efficiency. 
Clearly, changes in carbon metabolism resulting from 
growth in elevated CO, are associated with changes 
in the demand for ATP and reductants, which in turn 
control the rate of electron transport and the PS II 
operating efficiency. 

5. Other Examples of Changes in PS II Oper- 
ating Efficiency 

There are many situations where changes in the PS II 
operating efficiency are the result of changes in both 
the PS II maximum efficiency and PS II efficiency 
factor. For example, Groom and Baker (1992 ) have 
shown that decreasing the temperature of wheat 
leaves from 19 to 10 °C decreased the PS II operat- 
ing efficiency by approximately 32% (similar to the 
decrease in C0 2 assimilation), with a 14% decrease 
in the PS II maximum efficiency and 21% decrease 
in the PS II efficiency factor (calculated from F v '/F m ' 
and F q '/F m '). 

Similarly, the penetration of paraquat (which is 
methyl viologen, a very effective, auto-oxidizable 
electron acceptor from PS I) into leaves resulted in a 
progressive decrease in the PS II operating efficiency. 
This decrease was initially associated with a decrease 
in the PS II maximum efficiency, but was later associ- 
ated primarily with changes in the PS II efficiency 
factor (Varadi et al., 2000). The initial decrease in 
PS II maximum efficiency was attributed to a large 
increase in downregulation, while the later decreases 
in the PS II photochemical factor were attributable to 
the accumulation of damaged (photoinactivated) PS II 
complexes, as the result of the rapid generation of 
reactive oxygen species in the presence of paraquat. 
Ultimately, both photochemical andnon-photochemi- 
cal quenching of Clil fluorescence declined to zero. 
This was attributed to extensive oxidative damage to 
the thylakoid membranes. 

In studies of Euonymus kiautschovicus (Verhoeven 
etal., 1998), Yucca glauca (Adams and Barker, 1998), 



Stephania japonica and Smilax australis (Adams et 
al., 1999 ) in the field, diurnal changes in the PS II 
operating efficiency were accompanied by similar 
kinetic changes in the PS II maximum efficiency, 
which were associated with changes in the compo- 
sition of xanthophyll cycle pigments(Chapter 22, 
Adams and Demmig- Adams). PS II efficiency factor 
data were not presented in these studies. However, it 
can be deduced from the other fluorescence data that 
changes in this parameter were also occurring. Large 
diurnal fluctuations in PS II operating efficiency have 
also been observed in the C 3 -C AM intermediate plant 
Clusia minor that are primarily related to changes in 
the PS II maximum efficiency (Roberts et al., 1998; 
de Mattos et al., 1999). 

The level of downregulation can reach high levels 
(as indicated by low values of PS II maximum 
efficiency) when leaves are exposed to severe en- 
vironmental stresses, such as chilling temperatures 
and drought. For example, decreases in the PS II 
operating efficiency in maize leaves exposed to chill- 
ing temperatures have been closely correlated with 
changes in PS II maximum efficiency, but not with 
the PS II efficiency factor. This was true for both 
plants that had been exposed to low temperatures in 
the field (Andrews et al., 1995) and a range of maize 
genotypes grown at 15 °C (Fracheboud et al., 1999). 
The lower values of PS II maximum efficiency in 
maize plants that had been exposed to low tempera- 
tures in the field were associated with high levels of 
zeaxanthin, which decreased rapidly when the plants 
were exposed to higher temperatures (Fryer et al., 
1995). Chill-induced suppression of PS II operating 
efficiency in Euonymus kiautschovicus (Verhoeven 
et al., 1998) and Yucca glauca (Adams and Barker, 
1998 ) have also been attributed to decreases in the 
PS II maximum efficiency that were associated with 
increased zeaxanthin levels. In drought stressed 
plants , decreases in the PS II operating efficiency with 
decreasing leaf water potential were associated with 
decreases in both the PS II maximum efficiency and 
PS II efficiency factor (Comic and Briantais, 1991; 
Nogues and Baker, 2000; Chapter 24, Bukhov and 
Carpentier). Similarly, there was a strong correla- 
tion between the C0 2 assimilation rate and the PS 
II maximum efficiency during the onset of drought 
stress in the C 3 -CAM intermediate plant Clusia minor, 
although decreases in the PS II efficiency factor were 
also observed (de Mattos et al., 1999). 
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VI. The Relationship between PS II Operat- 
ing Efficiency and the Quantum Yield of 
C0 2 Assimilation 

A. Examples Where the Relationship is Linear 



In theory, the PS 11 operating efficiency can be related 
to <f> C02 in the following way: 



F' 



Ips " ' k 



( 3 ) 



where I is the incident PPFD, I PSII is the fraction of 
incident photons that are absorbed by PS II and k is 
the number of electrons produced from non-cyclic 
electron transport that are required to reduce 1 mole- 
cule of C0 2 . The value of k will depend upon the 
proportion of the products of electron transport that 
are being utilized for carbon assimilation, relative to 
other metabolic processes, such as photorespiration 
and both nitrogen and sulfur metabolism. Conse- 
quently, if I PSlI and k are constant, O co , will be directly 
proportional to F 'IF m '. 

Genty et al. (1989) presented clear empirical 
evidence of a linear relationship between O co , and 
the PS II operating efficiency during the induction 
of photosynthesis and when <J> C02 is modified by 
changing PPFD or atmospheric C0 2 concentration 
(Fig. 7). These data implied that approximately six 
electrons were transported through PS II for each 
C0 2 molecule assimilated; a figure that fits well with 
the observation of Edwards and Baker (1993) that 
C0 2 assimilation is the main sink for the products 
of electron transport in maize leaves. 

A linear relationship between d> COl and the PS II 
operating efficiency was also found in leaves of other 
C 4 species (Krall and Edwards, 1990, 1991; Krall et 
al., 1991; Siebke et al., 1997). In C 3 leaves where 
photorespiration consumes a significant proportion 
of the products of electron transport, the relation- 
ship between PS II operating efficiency and d> C o 2 is 
curvilinear (Fig. 8; Genty et al., 1990a; Harbinson 
et al., 1990), while the operating efficiencies of PS I 
and PS II are closely coupled (Fig. 3). However, if 
photorespiration in C 3 leaves is inhibited by reducing 
the atmospheric 0 2 from 2 1 to 2%, the relationship 
between PS II operating efficiency and O co , becomes 
linear (Fig. 8; Genty et al., 1990; Cornic and Ghash- 
ghaie, 1991; Comic, 1994). The ratio of the PS II 
operating efficiency to O co , in C 3 leaves has been 
shown to increase with decreasing intercellular C0 2 




Quantum yield of C0 2 assimilation 



Fig. 7. Relationship between PS IT operating efficiency (Fq VFm 3 
and the quantum yield of CO, assimilation for a maize leaf exposed 
to a PPFD range of 40-2700 pmol photons m 2 s 1 (•), in a range 
of atmospheric CO, concentrations (3-370 pmol photons mol 
▲ ) at steady state and during induction of photosynthesis on 
exposure of a dark-adapted leaf to a PPFD of 650 pmol photons 
m 2 s 1 (□). Drawn from data of Genty et al. (1989). 




Fig. 8. Relationship between PS II operating efficiency (FqV 
Fm ') and the quantum yield of C0 2 assimilation for a barley 
leaf exposed to a PPFD range of 40-1 600 pmol photons m 2 s _l 
in atmospheres containing 2 (#) and 21 (O) % oxygen. Drawn 
from data of Genty et al. (1990). 



concentration or increasing atmospheric oxygen con- 
centration in response to increasing photorespiratory 
activity relative to carbon assimilation (Ghannoum 
et al., 1998). 

As noted in Section III.E., the relationship between 
F q 7 F m ' and the true quantum efficiency of PS II 
photochemistry is affected by fluorescence from PS 1 
(Genty etal. 1990; Pfundel, 1998). In most situations, 
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photochemical and non-photochemical quenching 
processes combine to produce a value of F' that is 
relatively insensitive to changes in PPFD and a value 
of F m 'that decreases with PPFD (Havaux et al. 1 99 1 ; 
Gentyetal., 1992; Laisketal., 1997; Oxborough and 
Baker, 2000). The PS I fluorescence yield is thought 
to be reasonably constant with changing PPFD (Dau, 
1994; Pfundel, 1998). Consequently, the relative 
effect of PS I fluorescence on the value of F q 7F m ' 
generally increases with PPFD, introducing a non- 
proportional error. 

Another non-proportional error, also noted in 
Section III.E., occurs during measurement of F m ' 
using the ‘multiple turnover’, super-saturating 
pulse method. As discussed in Section III.B., this 
very widely used method relies on almost complete 
reduction of the plastoquinone pool to plastoquinol, 
which inhibits the oxidation of Q A , thereby maintain- 
ing the majority of PS II centers in the closed state. 
Plastoquinone is a quencher of Chi fluorescence while 
plastoquinol is not. Consequently, the reduction of 
plastoquinone to plastoquinol during a multiple turn- 
over, super-saturating pulse can increase the measured 
value of F m or F m ' by an estimated 20% (Vemotte et 
al., 1979; Kramer et al., 1995). Clearly, the effect of 
plastoquinone reduction on fluorescence measure- 
ments will be greatest in the dark-adapted state and 
at low PPFD, where the plastoquinone pool is likely 
to be largely oxidized prior to the application of the 
multiple turnover, super-saturating pulse. Even here 
the overestimate of F v 7F m ' or F q 7F m ' is likely to be 
less than 10% (see also relevant discussion of single 
flash and multiple flash protocols for measuring F m 
and F m in Chapters 11, Schreiber; 19, Bruce and 
Vassil’ev; and 30, Falkowski et al. ). 

The fact that many studies on a range of plant spe- 
cies have demonstrated a strong linear relationship be- 
tween F q 7F m ' and 4> C o 2 with increasing PPFD ( Genty 
et al., 1989, 1990; Di Marco et al., 1990; Krall and 
Edwards, 1990, 1991; Comic and Ghashagie, 1991; 
Krall et al., 1991; Edwards and Baker, 1993; Cornic 
1994; Siebke et al. 1997; Hymus et al. 1999) indi- 
cates that the combined effects of PS I fluorescence 
and plastoquinol quenching during measurements of 
F q 7F m ' do not introduce large errors. 

B. Examples Where Linearity Breaks Down 

There are situations where the well documented 
linearity between PS II operating efficiency and 
4>co 2 breaks down. A number of these situations are 
considered below. 



1. In Maize Plants Growing at Low Tempera- 
ture 

A curvilinear relationship between PS II operating 
efficiency and d> C o 2 was observed for leaves of a field 
maize crop that had experienced low temperatures 
during the early growing season (Fig. 9; Fryer et al., 
1998). In extreme cases, the ratio of PS II operating 
efficiency: <f> C02 was increased by a factor of 3.5, 
implying that 21 electrons were being transported 
through PS II for each molecule of C0 2 assimilated, 
compared to six electrons in leaves that had developed 
at optimal growth temperatures. The reason for this 
apparent increase in PS II electron flux, relative to 
carbon assimilation, is not clear. It seems extremely 
unlikely that photorespiration within the chilled maize 
leaves was in any way responsible, as decreasing the 
atmospheric 0 2 concentration from 21 to 2% had 
no effect on this relationship (Fig. 9). Conversely, 
the direct reduction of oxygen by a Mehler reaction 
would seem to be a distinct possibility, as leaves 
experiencing low temperatures showed increased 
activities of a range of enzymes involved in scaveng- 
ing reactive oxygen species and increased levels of 
key antioxidants. 

Another factor that could modify the ratio of PS II 
operating efficiency: t&coj is the rate of operation 
of a Q cycle around the cytochrome b/f complex 
relative to linear photosynthetic electron transport. 
Operation of a Q cycle can potentially increase the 
ratio of ATP to NADPH produced by linear electron 
transport (Hauska et al., 1996), which could modify 
significantly the quantum yield of C0 2 assimilation. 
It is possible that a decrease in Q-cycle function and 
the stimulation of C 4 -acid overcycling could result 
in an increase in the number of electrons transported 
through PS II for each molecule of C0 2 fixed. The 
calculations ofFurbanketal. (1990) show that within 
a C 4 leaf, such as maize, normal operation of the Q- 
cycle, coupled with no C 4 -acid overcycling, would 
result in six electrons passing through PS II for each 
C0 2 molecule assimilated. In the unlikely event of the 
Q-cycle ceasing to operate and 100% C 4 -acid over- 
cycling occurring, 12 electrons would pass through 
PS II for each C0 2 molecule assimilated, which is 
well short of the 21 electrons that would have to be 
transferred to account for the 3. 5 -fold increase in 
electron transfer that is implied by the data of Fryer 
at al. (1998). 

Other possible explanations for the discrepancy be- 
tween F q 7F m ' and <b C o 2 measurements might include 
errors in the estimation of respiration, overestima- 
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Fig. 9. Relationship between the PS II operating efficiency 
and the quantum efficiency of C0 2 assimilation of leaves of a 
maize crop growing in north-east Essex, UK, and harvested on 
days throughout May and June in 1995. All measurements were 
made on the youngest fully expanded leaves on the plants. Some 
leaves were measured in an atmosphere containing 2% 0 2 (O) 
to inhibit any photorespiration; all other data (#) were obtained 
from leaves in 21% 0 2 . The dashed line indicates the expected 
relationship for mature, non-stressed maize leaves. Drawn from 
data of Fryer et al. ( 1 998). 



tion of F m ' (due to reduction of the plastoquinone 
pool during the multiple turnover saturating pulse) 
and PS I fluorescence. However, these factors com- 
bined could only account for a small fraction of the 
discrepancy (Fryer et al., 1998). Pietrini and Mas- 
sacci (1998) have suggested that the accumulation 
of anthocyanin in maize leaves, in response to low 
temperatures can result in the PS II efficiency factor 
being massively overestimated, with a consequent 
increase in the ratio of PS II operating efficiency 
to d>co,* However, the maize cultivars LG 1 1 and 
LG20.30 that were used in the studies of Fryer et 
al. (1998) do not accumulate significant amounts 
of anthocyanins at low growth temperatures (M. J. 
Fryer and N. R. Baker, unpublished). Consequently, 
it seems highly unlikely that this is an explanation for 
the observed 3.5-fold increase in the PS II operating 
efficiency:O C02 ratio. 

2. In Mangrove Leaves Growing in the Trop- 
ics 

Measurements of PS II operating efficiency and the 
C0 2 assimilation rate in mangrove leaves under field 
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conditions in tropical Australia also suggested that 
electron fluxes through PS II were often more than 
three times greater than could be accounted for by 
consumption through carbon assimilation, even when 
photorespiration and temperature-dependent Rubisco 
specificities were taken into account (Cheeseman et 
al., 1997). After consideration of possible artifacts, 
and measurements of possible components of the 
reactive oxygen species scavenging systems, the 
authors concluded that oxygen may be acting as an 
electron acceptor via a Mehler reaction (Cheeseman 
et al., 1997). 

3. During State Transitions 

Large deviations from a linear relationship between 
the PS II operating efficiency and <J> C0 , were observed 
when leaves were subjected to changes in artificial 
light regimes in order to induce state transitions 
(Andrews et al., 1993; Andrews and Baker, 1997). 
These data are perhaps not too surprising, given that 
state transitions modify the absorption cross-sec- 
tion of the PS II pigment matrix. (For a complete 
description of state changes, see Chapter 1 7, Allen 
and Mullineaux.) 



VII. Can Rates of Electron Transport and 
C0 2 Assimilation be Calculated Accurately 
from PS II Operating Efficiencies? 

The linear relationship between F q 7F m ' and O co , has 
often been used as justification for using Chi fluores- 
cence to estimate rates of electron transport and C0 2 
assimilation in leaves. Unfortunately, there are aspects 
of this method that can result in both proportional and 
non-proportional errors being introduced. 

The basic theory behind this method is very 
straightforward. Quite simply, it should be possible 
to calculate the rate of non-cyclic electron transport 
(ETR) using the following equation: 

ETR - • I • I PSII (4) 

m 

where I is the incident PPFD and I PSII is the fraction 
of incident photons that are absorbed by PS II. Com- 
mercial fluorometers provide an estimate of ETR 
from measured values of F q IF m ' and incident PPFD 
by assuming that the leaf absorbs a fixed proportion 
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of incident photons (typically 84%) and that 50% of 
these photons are absorbed by PS II (i.e. I psn = 0.84 
x 0.5). Although 0.84 may represent a reasonable 
estimate of absorptivity in the case of a mature, 
healthy leaf, there are many situations where it is 
not. Similarly, although the assumptions that 50% of 
the light absorbed by a leaf is absorbed by the PS II 
pigment matrix may be reasonable in many cases, 
there are many situations where the true figure may 
be very different. 

Another possible source of error is the determina- 
tion of I, which is usually measured with a simple 
photodiode-based light metering system. Such sys- 
tems require calibration between the PPFD that is 
incident on the photodiode and the electrical signal 
that is generated. This often involves filtering the light 
that reaches the photodiode in such a way that only 
photons withi n the photosynthetically active region of 
the electromagnetic spectrum (PAR ) are transmitted 
and that the level of transmission increases with wave- 
length to compensate for the proportional decrease 
in photon energy. This filtering is never perfect and 
with many metering systems the error introduced into 
the calculation of ETR can be substantial. 

It is possible to measure the absorptivity of a leaf 
and the incident PPFD accurately using an integrating 
sphere with an appropriate light source and a spectra- 
radiometer. However, accurate determination of the 
fraction of absorbed photons that are absorbed by PS II 
is always difficult and cannot be achieved on a routine 
basis. Consequently, determination of values for the 
I and I psn terms in Eq. (4) can introduce significant 
errors into the calculated value of ETR. 

Although there are major problems with estimat- 
ing absolute values of ETR from fluorescence data, 
it is still possible to estimate relative values of ETR, 
as the product of F q 7F m ' and the measured value of 
PPFD. It should be noted, however, that fluorescence 
from PS I could result in errors at high PPFDs be- 
cause the relative contribution of PS I fluorescence 
generally increases as F q 7F m ’ decreases. In extreme 
situations, PS I fluorescence could make it appear as 
though the ETR is decreasing with increasing PPFD 
at PPFD levels above saturation, when it is actually 
constant. This effect can be minimized by measur- 
ing Chi fluorescence only around the 683 nm peak, 
where the relative contribution of PS I fluorescence 
is lowest (see sections III.B and E). 

The problems associated with determination of 
absolute ETR values from fluorescence data and 
measured PPFD values apply equally to the deter- 



mination of rates of C0 2 assimilation. An additional 
problem with using this method to determine C0 2 
assimilation rates is that it assumes that all of the 
electrons transferred through PS II are ultimately 
used to reduce NADP + and that all of the NADPH 
generated is used in C0 2 assimilation. In reality, a 
number of other metabolic processes compete with 
NADP for electrons or with C0 2 assimilation for 
NADPH, including photorespiration, 0 2 (through the 
Mehler reaction) and nitrate assimilation. 

Although there are some very significant problems 
associated with using equation 4 to estimate the rate 
of CO, assimilation, there are situations where the 
well established linear relationship between F q r /F m ' 
and <&co 2 can allow for a measured rate of CO, as- 
similation at one PPFD level (A ref ) to be used in the 
estimation of the C0 2 assimilation rate at any other 
PPFD level (A): 




where the subscripted ‘re/’ indicates a reference 
value at the point where the CO, assimilation rate 
was measured directly. When applying this method, 
it is important to recognize that there are many situa- 
tions where the relationship between F q 7F m ' and <b C o 2 
deviate from linearity (see Section VLB. ), which will 
obviously introduce an error into the calculated values 
ofri . This is particularly true with C 3 species at normal 
C0 2 and 0 2 concentrations, where photorespiration 
almost invariably makes the relationship between 
F q 7F m ' and <b C o 2 curvilinear (see Section VI. A). 

VIII. Concluding Remarks 

Undoubtedly, the low cost, non-invasive character, 
and the ease of use have been important factors in 
establishing Chi fluorometry as a technique for prob- 
ing plant photosynthetic performance over the past 
15 years or so. Of more fundamental importance, 
however, has been the increase in understanding of the 
processes that impact on the yield of Chi fluorescence, 
many of which have been discussed in the preceding 
sections. Although there are clearly many potential 
pitfalls to using the Chi fluorescence signal to assess 
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photosynthetic performance, it seems reasonable to 
conclude that Chi fluorometry can be a valuable tool 
in assessing both plant photosynthetic performance 
and the extent to which it is limited by photochemi- 
cal and non-photochemical processes. It would seem 
to be of greatest value when it is used in a relative 
sense; for example, to follow changes in photosyn- 
thetic performance with c ha ng in g environment or to 
compare the photosynthetic performance of a range 
of dissimilar samples under the same environmental 
conditions. Problems often arise when fluorescence 
is used to estimate absolute rates of photosynthetic 
electron transport and carbon assimilation. 
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Summary 

The applications of Fluorescence Resonance Energy Transfer (FRET) have expanded tremendously in the last 
25 years, and the technique has become a staple technique in many biological and biophysical fields. Our un- 
derstanding of photosynthesis is tightly coupled to our understanding of the transfer of captured energy from 
the absorption of photons, and following the energy flow through the complex maize of chemical reactions 
utilizing this energy. Many of these steps involve resonance energy transfer. In this chapter, we have examined 
some general salient features of resonance energy transfer by stressing the kinetic competition of the FRET 
pathway with all other pathways of de-excitation. This approach emphasizes many of the biotechnological and 
biophysical uses of FRET, as well as emphasizing the important competing processes and biological functions 
of FRET in photosynthesis. Many publications appear weekly using FRET and most of the applications use 
FRET as a spectroscopic research tool. Photosynthesis holds the unique position that much of the original 
interest in FRET was derived from attempts to understand the extremely efficient migration of captured light 
energy to the reaction center of photosynthetic systems, and photosynthesis utilizes energy transfer as a fun- 
damental mechanism in order to carry out its biological function. 



I. Introduction 

This chapter is a description of some essential, basic 
aspects of fluorescence resonance energy transfer 
(FRET) 1 . Topics are discussed that are helpful for un- 
derstanding the important features and interpretations 
of energy transfer measurements. Excitation energy 
transfer lies at the heart of the phenomenon of photo- 
synthesis (van Amerongen et al., 2000). Understand- 
ing certain fundamentals of energy transfer helps one 
to appreciate many of the past and recent experiments 
and theoretical descriptions of photosynthesis; see 
Ke (2001) for a summary of the Tight reactions’ of 
photosynthesis. This chapter is not meant as a detailed 
account for FRET to be used by the practitioner as a 
manual. We will also not derive in depth theoretical 
descriptions of the quantum mechanical theory of 
energy transfer. There are many reviews and original 
literature where one can read detailed descriptions 
or get references to them (Forster, 1951; Bennett 



1 Throughout the text we will often refer to the ‘F’ in the acronym 
FRET as ‘fluorescence,’ in deference to common usage. However, 
it should be pointed out that the acronym should actually stand 
for ‘Forster Resonance Energy Transfer.’ The actual process of 
energy transfer has nothing to do with the emission of a photon; 
that is, the word fluorescence in FRET is a misnomer, and the 
aficionados prefer that ‘F’ be associated with ‘Forster.’ 



and Kellogg, 1967; Stryer, 1978; Agranovich and 
Galanin, 1982; Cheung, 1991; Van Der Meer et al., 
1994; Wu and Brand, 1994; Clegg, 1996; Andrews 
and Demidov, 1999). This chapter is also not meant 
as a review of the literature, not even of the energy 
transfer literature specifically related to photosyn- 
thesis. Excellent reviews are already available (Hu 
and Schulten, 1997; Schulten, 1999; Renger et al., 
2001), and this volume also has several discussions 
of related topics. The chapter is focused solely on 
explaining certain critical essentials concerning the 
fundamentals of energy transfer and the methods of 
measurement. 



II. Historical Background 

A. Forster Used Perrin’s Original Idea of 
Dipole-Dipole Interaction 

The basic phenomenon of non-radiative energy 
transfer was first explained correctly by Theodor 
Forster (Forster, 1946, 1947, 1948, 1949a, b, 1951). 
Interestingly, what first caught the attention of Forster 

Abbreviations: A - acceptor; Chi - chlorophyll; D - donor; 
DNA - deoxyribonucleic acid; FRET - fluorescence resonance 
energy transfer 
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in the 1940s, that led him to pursue his theory of fluo- 
rescence resonance energy transfer, was the extreme 
efficiency of photosynthetic systems in tunneling 
the energy of absorbed photons to a relatively small 
number of reaction sites (Forster, 1946). He was 
aware that the average energy of photons striking the 
total area of a leaf that is utilized in photosynthesis 
is much larger than expected considering only the 
number of photons that actually directly hit (and are 
absorbed by) the reaction centers . The reaction centers 
constitute a relatively small fraction of the total il- 
luminated surface area of a leaf. The energy absorbed 
over the total area must somehow be channeled very 
efficiently into the reaction centers. He reasoned that 
the energy is transferred throughout an area that is 
large compared to the reaction center in a more or 
less efficient diffusive process . Eventually, this energy 
disturbance collides with the reaction center and is 
captured, thereby increasing the effective capture area 
of the reaction center. This process was pictured as a 
random diffusive spreading of the absorbed photon 
energy that is captured by a sink (the reaction center). 
This idea is discussed in his first publication of the 
energy transfer process (Forster, 1946 ), and is given 
as one of the major motivations for developing his 
theoretical model of the energy transfer process. The 
physical process responsible for this energy transport 
in photosynthesis was unknown at that time. 

To guide his early thoughts, Forster knew of an ear- 
lier model of energy transfer that had been developed 
by the Perrins (father (J.) and son (F.) (J.Perrin, 1927; F. 
Perrin, 1933). This model involved the interaction be- 
tween the oscillating dipoles of two molecules called 
the sensitizer and the activator. The Perrins were the 
first to try to describe quantitatively the non-radiative 
(no emission of a photon) energy transfer that can take 
place between an excited molecule (originally called 
the sensitizer; in this chapter called the donor) to a 
neighboring molecule in the ground state (originally 
called the activator; in this chapter called the accep- 
tor) through the mutual perturbation between the 
transition dipoles of the two molecules undergoing 
the energy transfer. The experimental evidence that 
prompted the Perrins’ detailed theoretical analysis 
was the fluorescence depolarization that occurs in 
a solution of fluorophore at higher concentrations. 
Therefore in their calculations they considered energy 
transfer between identical molecules. They worked 
out and published an account of this process (J. Per- 
rin, 1927; F. Perrin, 1932, 1933). They considered 
the spectroscopic transitions as oscillating dipoles 



from a classical point of view (within the molecular 
models at that time ), and later presented a quantum 
mechanical model. In a modem quantum mechanical 
description these are the transition dipoles (Forster, 
1951; Agranovich and Galanin, 1982; Clegg, 1996). 
They were correct that the process involved reciprocal 
dipole perturbations; however, they were not able to 
account quantitatively for the energy transfer process. 
Their theoretical treatment predicted that the energy 
transfer process could take place between two mol- 
ecules that are separated by a distance on the order of 
the wavelength of light corresponding to the quantum 
of energy transferred (that is ~200-500 nra). How- 
ever, it was known that the actual measured transfer 
was only possible if the participating molecules were 
at least one hundred times closer (that is, ~2-5 nm). 
They knew the correct distance because one had 
measured the concentration of fluorophore molecules 
required for the fluorescence to become efficiently 
depolarized. Because of this large discrepancy, F. 
Perrin’s theory of energy transfer lay dormant for 
about 20 years. The dipole-dipole transfer mechanism 
was first proposed to explain transfer between atoms 
(Kallmann and London, 1928). Energy transfer had 
been successfully accounted for in gas mixtures by 
considering collision processes with non-radiative 
transfer (Cairo, 1922; Cairo and Franck, 1922;Franck, 
1922; Pringsheim, 1928). An interesting account of 
the early history of energy transfer is given in a recent 
review of the Perri n s’ accomplishments (Berberan- 
Santos, 2001). 

B. The Necessity of Integrating over Energy 
Distributions of the Donor and Acceptor En- 
ergy Levels to Correctly Describe Resonance 

The long delay between J. Perrin’s first suggestionand 
a correct description by Forster undoubtedly had to 
do with the ensuing political and personal upheaval 
of the Second World War. But, despite the turmoil of 
the war and its aftermath, Forster was able to pub- 
lish the first correct account of non-radiative energy 
transfer already in 1946 (Forster, 1946 ). The address 
of this paper is given as the village outside Gottin- 
gen, where he lived. This is earlier than is ordinarily 
referenced as his first publication (Forster, 1948) 
(this 1948 paper has been translated into English 
(Forster, 1993)). His original publication (Forster, 
1946) is a very interesting account of the resonance 
energy transfer between dipoles of molecules ex- 
hibiting broad spectra. Unfortunately, it was only 
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published in German, and has never appeared in an 
English translation. Recently an account in English 
of his reasoning was published in a review on FRET 
(Clegg, 1996). Forster realized that Perrin’s premise 
of dipole-dipole interactions was correct. Flowever, he 
also realized that Perrin had not taken the distribution 
of energies of the donor and acceptor into account. 
That is, the condition of resonance is not limited to 
just one frequency. In Perrin’s work the donor and 
acceptor are identical chemical species. Their theory 
is classical and a perfect singular resonance at only 
one frequency is assumed between the two oscillators. 
However, even molecules that are isolated from all 
surrounding influences have a distribution of energy 
(Landau and Lifshitz, 1965; Atkins and Friedman, 
1997). This energy uncertainty has a profound effect 
on the rate of spectroscopic transitions and the non- 
coherent transition rate between two quantum states. 
Eventually one must integrate the resonance condi- 
tion over the overlapping energy distributions of the 
donor and acceptor. Energy is, of course, conserved. 
Forster was familiar with quantum mechanics as well 
as the classical theory of spectroscopic transitions. 
He recognized the error of assuming that the reso- 
nance took place between the two oscillating dipoles 
at only one fixed energy (frequency). Because the 
spectra are distributed over broad frequency bands 
(much broader than predicted by the energy/time un- 
certainty) the energy donated by the donor is gained 
exactly by the acceptor only a fraction of the time. 
This fraction can be taken into account by calculating 
the simultaneous probability that both oscillators are 
in exact resonance. The dipole-dipole interaction is 
integrated over the spectral distributions ofthe donor’s 
emission spectrum and the acceptor’s absorption 
spectrum. Forster’s expression predicted a drastic 
decrease in the distance over which the molecules 
can exchange energy without emitting and absorbing 
photons compared to Perrin’s results. This integration 
procedure increases the rate of diminution of energy 
transfer from an inverse cube of the D (donor) — A 
(acceptor) separation to the reciprocal to the sixth 
power. Forster’s result predicted an effective distance 
of energy transfer that agreed with experiment. Later, 
Forster improved his original derivation, and provided 
a quantum mechanically correct derivation (Forster, 
1 948 ) based on the same principles. The dependence 
on distance, dependence on the angular orientation 
of the two dipoles and the overlap integral has since 
been checked rigorously. 



C. Why the Energy Transfer Cannot Happen 
Efficiently over Large Distances 

There are other interesting considerations show- 
ing that energy cannot be transferred by the dipole 
mechanism over a distance corresponding to a 
wavelength of light, as Perrin’s expression had pre- 
dicted. Electromagnetic energy departing from the 
donor cannot be considered as a real photon until the 
distance from the emitting species is approximately 
the length of a wavelength of light (Heitler, 1984). 
However, the probability of radiative transfer by an 
emission and re-absorption of a photon (this type of 
transfer is called ‘trivial’ transfer) even at distances 
closer than one wavelengths is calculated to be very 
small compared to the rate by the Forster dipole-di- 
pole mechanism. Indeed, trivial transfer is not likely 
at all unless concentrations in an extended sample 
are extremely high. This was already known from 
experiments and was the reason why Perrin sug- 
gested the dipole-dipole mechanism. Re-absorption 
of emitted photons does occur experimentally when 
the concentration of acceptor is so large that before 
photons can ‘get out of the cuvette/sample’ an accep- 
tor (or another donor molecule) absorbs them — this 
phenomenon is called internal filtering. Internal 
filtering does depolarize the emitted light, which was 
the experimental situation the Perrins were trying 
to explain. However, transfer by internal filtering is 
much less efficient by orders of magnitude than true 
non-radiative energy transfer. 

There is another interesting fact that discounts 
energy transfer by emission and re-absorption of a 
photon. If the energy transferred from the donor to 
the acceptor were a true photon-emission/absorption 
process, the angular distribution of emitted photons 
would depend on the presence or absence of the ac- 
ceptor molecule. This is not observed in FRET; that 
is, the angular distribution of the donor emission is 
not affected by the presence of acceptors. The angular 
probability of a photon being emitted in any particular 
direction is the same, whether the acceptor is pres- 
ent or not. Only the probability per unit time that an 
excited donor molecule will leave the excited state 
is affected by the presence of the acceptor molecule 
in the near field zone. However, the intrinsic rate of 
the donor’s fluorescence emission is not affected by 
the presence of a nearby acceptor. On the other hand, 
the number of photons emitted by a donor that has 
been excited N times is decreased when an acceptor 
is nearby, compared to the naked donor molecule. 
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This is simply because the process of non-radiative 
energy transfer to the acceptor competes kinetically 
with the donor photon emission. We will discuss 
this below. 

Interestingly, if the energy is transferred by trivial 
emission/re-absorption, then it can be experimentally 
shown to be the case. Internal filtering will lengthen 
the apparent lifetime of the donor emission, not 
shorten it, as happens in resonance energy transfer. 
This comes about because intervening absorption 
and emission processes take place prior to the final 
fluorescence emission. Because this is not observed 
in the case of FRET, such an emission/re-absorption 
process is not responsible for the observed energy 
transfer. 

We have discussed these matters not only because 
they are historically interesting, but also because these 
considerations emphasize important characteristics 
of the true mechanism of energy transfer. In addition, 
it is important to realize that re-absorption processes 
can take place in highly concentrated biological 
samples. And it is important to realize that there are 
methods for experimentally checking for this trivial 
transfer process. 

D. Subsequent Derivations of the Rate of 
Energy Transfer 

Following the pioneering studies of the Perrins and 
Forster there have been many publications and re- 
views on FRET, both theoretical and experimental. 
A large literature list is available in several recent 
reviews (van der Meet et ah, 1993; Wu and Brand, 
1994; Clegg, 1 996) so it is not necessary to list many 
of the original references separately here. A treat- 
ment by Oppenheimer (1941) dealt correctly with 
the transfer process; however, the publication was 
not noticed by the spectroscopic community and the 
treatment was very cursory. Unfortunately because 
of the brief treatment and place of publication, those 
who were most interested in FRET did not know this 
early correct treatment. Therefore Oppenheimer’s 
publication was not influential, at least in the field 
of biological physics and physical chemistry. Dexter 
(1953) made a very important extension. He general- 
ized and extended Forster’s energy transfer model to 
include D and A molecules with overlapping electron 
orbitals. Transfer on this very small distance scale is 
appropriately called ‘Dexter transfer’ or transfer by 
‘electron exchange.’ This process may be important 
for certain parts of the photosynthetic system. Some 



chlorophyll (Chi ) molecules of the antenna systems 
are tightly packed with carotenoids. The transfer of 
energy from the triplet state of Chi to carotenoids 
is very efficient. Due to their very close proximity, 
energy transfer probably takes place rapidly from 
the triplet state of Chi to the carotenoids through the 
Dexter mechanism (Schulten, 1999; Damjanovic et 
al., 2000). This efficient process protects the plant 
from the production of oxygen radicals. It would 
be very deleterious for the plant if oxygen radicals, 
which can be generated efficiently from the triplet 
state of Chi molecules, were produced. The distance 
dependence of Dexter transfer is quite different from 
Forster transfer, and the rate of the Dexter process is 
only efficient for very small D-A separations (usu- 
ally <0.5 nm ). We will describe the basics of Dexter 
transfer below. 



III. Why Fluorescence Resonance Energy 
Transfer (FRET) Is Such a Popular Method 
of Measurement 

Experimental techniques to measure luminescence 
extend over broad spatial and temporal dimensions, 
and fluorescence is a sensitive method for detecting 
very low concentrations of molecules. Molecular 
dynamics can be observed from the sub-nanosec- 
ond time scale to the millisecond scale by choosing 
luminophores (fluorophores and phosphores) with 
corresponding lifetimes. FRET is almost always 
measured using fluorescence, and the technique is 
often applied for determining molecular distances 
or to show whether or not molecular complexes are 
present. That is, FRET is used whenever questions 
dealing with problems on the scale of molecular dis- 
tances are important. Of course, the FRET measure- 
ment can be carried out with samples on the scale of 
macro-systems. Molecular aggregates are common 
in photosynthetic systems and FRET is valuable for 
detecting these aggregated states. Lifetime-resolved 
FRET has been carried out on fluorescence images of 
plants (Holub et al., 2000 ). Fluorescence is utilized in 
a greater number of biological applications than most 
other spectroscopic measurement techniques. FRET 
is increasingly occupying a center stage in biological 
studies and in biotechnology (especially dealing with 
DNA chips and other massively parallel assay sys- 
tems). It has been applied in single molecule studies 
to provide information on conformational changes 
(Ha, 200 la, b) and the pharmaceutical industry has 
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developed major microscopic fluorescence assay 
detection systems with very low sample volumes, 
even on the single molecule level, using fluorescence 
correlation spectroscopy (Elson and Magde, 1974; 
Eigen and Rigler, 1994; Schwille et al., 1997; Rigler 
et al., 1998; Buehler et al., 2001; Chen et al., 2001; 
Grunwell et al., 2001 ). 

Techniques that inform us about molecular in- 
teractions and determine the spatial juxtapositions 
and distributions of molecular and supramolecular 
components constituting biological structures are of 
crucial importance for understanding functions on a 
molecular scale in biology. This information is espe- 
cially vital when we consider that amajor part ofbiol- 
ogy takes place at the interface between interacting 
molecules and supramolecular organizations. These 
macromolecular interfaces are constituted from com- 
ponents that are the same size as the macromolecules 
themselves, or smaller, and these dimensions are 
ideally suited for FRET applications. For this reason, 
FRET has received so much interest in biotechnology 
and medicine as well as in biophysics (Szollosi et al., 
1998; Xu et al., 1998; Blomberg et al., 1999; Chen 
andKwok, 1999; Mere etal., 1999;Noehetal., 1999; 
Schobel et al., 1999; Mein et al., 2000; Oswald et 
al., 2000). Applications of FRET extend from more 
traditional cuvette spectroscopic measurements on 
larger volumes (from 100 microliters to milliliters) 
to FRET imaging experiments in the fluorescence 
microscope (Jovin and Arndt- Jovin, 1 989b; Gordon et 
al., 1998; Vickery and Drum, 1999; Periasamy, 2001; 
Xia and Liu, 2001) and single molecule experiments 
(Ha, 2001b). The recent applications of FRET in the 
optical microscope have become very popular be- 
cause of its interpretive power on the molecular scale 
with regard to statically and dynamically associating 
molecular systems in cellular biology (Cacciatore 
et al., 1999; Knowles et al., 1999; Pollok and Heim, 
1999; Miyawaki andTsien, 2000). Using geometrical 
and stereochemical information that can be attained 
from FRET measurements, we can more confidently 
propose models how biological structures carry out 
their functions. We can also have more confidence 
in our interpretations of dynamic molecular pro- 
cesses. Knowing the spatial distribution of the parts 
of a structure makes it possible to ask more specific 
questions concerning the dynamics ofintermolecular 
interactions. An especially impressive demonstration 
of this can be found in recent work using detailed 
three-dimensional structural information from X-ray, 
coupled with computer refinements to calculate the 



rate of energy transfer (Schulten, 1999). 

Energy transfer is an integral part of photosynthetic 
systems (see various chapters in Govindjee et al. 
( 1 9 8 6)). In this case energy transfer is not used j ust to 
determine distances and molecular juxtapositions. We 
must understand the energy transfer processes taking 
place and the correlation of the rates with molecular 
structure in order to understand the mechanism of 
photosynthesis. Some of these specific points are dealt 
with in other chapters of this book (see Chapters 5, 
van Grondelle and Gobets; 7, Mirnuro; 9, Itoh and 
Sugiura; and 21, Gilmore). 



IV. FRET Basics: A Short Description 

Fluorescence resonance energy transfer (FRET) is 
the process by which the extra energy of a molecule 
in an excited electronic state (called the donor, D) is 
transferred to a molecular chromophore called the 
acceptor (A). This physical transfer of energy usually 
takes place over a D-A separation of 0.5 to 1 0 nm. The 
energy is not emitted by D as a photon, and no photon 
is absorbed by A (see discussion in Section II.). There 
is a Coulomb charge-charge interaction between the 
D and A molecules. This perturbation of the excited 
D molecule on the A molecule takes place electrody- 
namically through space as an electric dipole-dipole 
interaction. If the conditions are right — for instance, 
if the spectral overlap of the emission and absorption 
spectra of D and A is sufficient, and if the fluorescence 
quantum yield of D and the absorption coefficient of 
A are great enough — there is a significant probability 
that the excitation energy of D will be transferred to 
A. The energy transfer, which is a strong function of 
the separation distance between D and A, leaves D 
in its electronic ground state and A in an electronic 
excited state. For every individual donor-acceptor 
molecular pair, the energy lost by the donor must 
equal the energy gained by the participating acceptor. 
If energy transfer is appreciably favorable, the prob- 
ability of photon emission of D is diminished, and D ’s 
lifetime in the excited state is measurably shortened. 
It is not required that A fluoresce for the energy to 
be transferred from D to A; however, if A fluoresces 
then this emission, called sensitized emission, can be 
detected following the transfer. Sensitized emission 
is direct proof of energy transfer. The emission from 
A is characteristic of A’s fluorescence spectrum even 
though only D has been initially excited. 
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A. An Expression Describing the Rate of 
Dipole-Dipole Energy Transfer Between Two 
Isolated Molecules, a Donor and Acceptor 

Without derivation, we first give a mathematical 
expression describing the rate of energy transfer 
between a separate pair of molecules — a donor 
and acceptor — through a dipole-dipole interaction 
(Forster, 1951). 
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This expression for the transfer rate refers only to 
Coulomb based dipole-dipole interactions between 
the donor and acceptor. This is the usual case in 
many biophysical applications . Equation ( 1 ) is a very 
simple relationship, showing the extreme sensitivity 
of the rate of energy transfer on the distance between 
the donor and acceptor molecules. k ET is the rate of 
transferring energy from an excited donor molecule 
to an acceptor molecule a distance R away. R 0 is a 
distance that pertains to this individual pair of mol- 
ecules, and represents the distance (R ) where the rate 
of energy transfer is equal to the rate (probability 
per unit time) at which the excited donor molecule 
would decay from the excited state were the acceptor 
molecule not present. This latter rate is equal to the 
inverse of the fluorescence lifet ime x D that would be 
measured if the donor molecule were excited in the 
absence of an acceptor. x D is not the intrinsic fluo- 
rescence lifetime T/of the donor (x f can theoretically 
be calculated quantum mechanically). 1 ix D is the rate 
of de -activation from the excited state that includes 
all pathways of de -excitation other than the pathway 
of energy transfer to the acceptor (including all the 
internal conversion rates, intersystem crossing and 
dynamic quenching effects). R 0 is dependent on the 
integrated spectral overlap of the emission spectrum 
of the donor and the absorption spectrum of the ac- 
ceptor, and on the relative angular orientation of the 
donor and acceptor emission and absorption transition 
dipoles. The value of R fl for a separate pair of D and 
A molecules is: 
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where, v is wave number (in cm -1 units), <j> c is the 
quantum yield of the donor, N A is Avogadro’s num- 
ber, n is the index of refraction, t: A (v) is the molar 
absorption coefficient of the acceptor (in units of 
cnr'mol -1 ), /’(v)is the fluorescence intensity of the 
measured fluorescence spectrum of the donor, and 
k is the angular function resulting from the inner 
product between the near unit vector of the electric 
field of the donor and the unit vector of the absorp- 
tion dipole of the acceptor. The ratio of integrals in 
the bracket has units of cm s /mol. The parameter k 2 
is the infamous orientation factor of FRET (we will 
deal with this below). 

If we use the units given in the paragraph above, 
then: 

= 8.79x1 O' 2 VV^kVO 7 ) cwj6 ( 3 ) 

J(v) is the ratio of integrals given in square brackets 
in equation 2. 

We mention at this point that for most experiments 
with solution samples there is much less uncertainty in 
the k 2 parameter than is often supposed, or suspected. 
For photosynthesis, where the energy transfer takes 
place very efficiently, and where the orientations 
of the chromophores have gone through a process 
of extensive biological evolution, and where the 
chromophores are held tightly with little opportunity 
for rotation, the orientation factor can play a major 
role. If during the time of excitation of the donor the 
orientations of the donor and acceptor can each indi- 
vidually reorient randomly, the k 2 factor is rigorously 
%. Even for chromophores whose orientations are 
solidly fixed, a large fraction of the relative orientation 
space of the chromophores’ transition moments are 
such that k 2 is often not too far from 2 A (Dale et al., 
1979; Clegg, 1996). In general it is unlikely that the 
donor and acceptor molecules will be oriented such 
that the extreme values of k 2 apply. This is because 
the orientation configurational space for values close 
to these extreme values is relatively small. However, 
in biological systems that have evolved with the 
evolutionary pressure of maximizing the rate of en- 
ergy transfer, it is to be expected that the molecules 
will be oriented such that the rate is high; and this is 
found to be the case (Schulten, 1999; Renger et al., 
2001). More discussion describing the orientations 
is found below. 
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B. Energy Transfer Modeled as a Classical 
Event 

The energy transfer process can be envisioned as the 
absorption by the acceptor of the near-field electric 
disturbance of the classically oscillating electric 
dipole of the donor (this is not depicted as the ab- 
sorption of a photon, but the absorption mechanism 
is the same). Interestingly, this classically motivated 
derivation agrees exactly quantitatively with the 
results of a quantum mechanical derivation. In the 
classical picture, the excited D molecule is regarded 
as a Hertzian electric dipole oscillator (Ketskemety, 
1962; Kuhn, 1970; Clegg, 1996). The near field of D’s 
classically oscillating electric dipole interacts with 
the transition dipole of A (the absorption dipole) just 
as the oscillating field of electromagnetic radiation. 
This process can be envisioned as a spectroscopic 
absorption event whereby A interacts with the elec- 
trodynamic perturbation of the oscillating electric 
near-field of an oscillating D-dipole. The shape of 
the field lines of the near field of a Hertzian dipole 
is identical to that of the field lines of a static dipole. 
The field of a static dipole and of a Hertzian dipole 
can be found in any book on electromagnetism (Scott, 
1966; Shadowitz, 1975; Rojansky, 1979). The time 
dependent electric field of the dynamic Hertzian di- 
pole evolves as the distance from the dipole increases, 
developing into a propagating wave at distances of 
approximately one wavelength from the dipole center. 
In FRET it is the near field of the oscillating dipole of 
D that interacts with the absorption transition dipole 
of A. In this classical paradigm, the D molecule can 
be thought of as an antenna that is in communica- 
tion with the A molecule (except that the oscillating 
dipole near-field is not propagating). The communi- 
cation between D and A is effective if the resonance 
condition is satisfied. This is the condition that the 
energy D loses corresponds exactly to the energy that 
A gains. The resonance requirement must hold when 
integrating the energy exchange over the spectral 
energy distributions of the D and A molecules. This 
classical analogy is very useful, and is relevant espe- 
cially when we consider that we think of an antenna 
in terms of transferring information. This is meant 
in the sense that in a FRET process the D molecule 
is communicating its presence to the A molecule as 
well as its state (distance, orientation and spectral 
dispersion ). Such a classical view of the dipole field 
lines lends itself to a visual and easy-to-understand 
relation between the efficiency of energy transfer and 



the relative orientation of the D and A dipoles (Clegg, 
1996). If the dipole of A is exactly perpendicular to 
the field lines of D, there will be absolutely no energy 
transfer between the two dipoles no matter how close 
D and A are. This is because there is then no electric 
dipole-dipole interaction between dipoles D and A. 
This is intuitively clear, especially when considering 
two classical oscillating dipoles . Maximum efficiency 
(for a certain distance between the point dipoles) is 
found for parallel dipoles oriented end-to-end. Paral- 
lel side-by-side dipoles are only 1/4 as efficient as 
the optimal parallel end-to-end arrangement. If for 
symmetry reasons, or because of exact perpendicular 
orientation, there is no electric dipole -dipole interac- 
tions, energy transfer can take place by quadrupole 
interactions (Dexter and Schulman, 1954), or inter- 
actions between magnetic dipole fields and electric 
dipoles (Dexter, 1953; Ganguly and Chaudhury, 1959; 
Inacker et al., 1970 ). However these interactions are 
orders of magnitude smaller. 



V. What Can We Learn from Energy 
T ransfer? 

A. Distance Measurements 

As an observer we can learn a great deal by studying 
the rate or the efficiency of the transfer. The efficiency 
of energy transfer is the ratio between the number of 
energy transfer occurrences from D to A divided by 
the total number of excitations of a donor molecule. 
This is also called the quantum efficiency of energy 
transfer. From these measurements we can learn 
whether D and A are close together. FRET is very 
sensitive to distance changes between 0.5 and 10 nm; 
the rate of energy transfer between single donor and 
acceptor molecules is proportional to l/R 6 , where R 
is the distance between the centers of the two chro- 
mophores (Eq. (1)). From the efficiency, we can gain 
quantitative information about the distance, and we 
can sometimes learn about the relative orientation (or 
the statistical distribution of orientations) between D 
and A. Simple distance determinations are the usual 
goals of most FRET measurements. However, much 
more detailed information is available from FRET 
measurements. The dynamics of the relative transla- 
tional and orientational movements often take place 
on the same time scale as the fluorescence emission 
of the donor. Then this dynamics can be observed by 
measuring FRET with time-resolved fluorescence 
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measurements (Haas and Steinberg, 1984). FRET 
measurements can be coupled to a wide variety of 
biological assays that yield specific information about 
the environments of the chromophores. 

B. Molecular Interactions, Binding Interac- 
tions and Conformational Distributions 

Generally, each D-A pair is theoretically considered 
separately. This is not a requirement, but other than a 
few reports it is the case that each D-A pair exhibits 
its own probability of transfer. The rate depends on 
their D-A separation and relative orientation if their 
dipole axes, as well as their individual spectroscopic 
properties. FRET’s sensitivity and specificity makes it 
possible to draw conclusions from complex biological 
systems that are otherwise difficult or impossible to 
describe on an atomic or molecular level. That is, the 
information from a FRET experiment corresponds to 
molecular and near atomic distances, no matter what 
size the sample is. This gives us a direct handle on 
molecular structures, conformational changes and 
binding interactions. If we observe an ensemble of 
molecules or a small number of molecules over a 
longer time, the FRET information corresponds to 
a distribution of the relevant parameters, because 
distances, angles and molecular conformations often 
change with time. The distributions of spectroscopic 
parameters can often tell us about underlying ensem- 
ble molecular conformational distributions. FRET 
is especially valuable due to its superb sensitivity 
to the D-A separation. Because the transfer is a 
time-dependent process, we can gain direct dynamic 
knowledge of molecular movements and molecular 
rotations that take place on a time scale comparable 
to the transfer. This time window can stretch from 
picoseconds to milliseconds by choosing the chro- 
mophores judiciously, a remarkably broad temporal 
range. These considerations show why the FRET 
method has become so widespread and why it has 
become the choice for many measurements. 

C. FRET— A Molecular Detective, Trans- 
mitting Information to the Experimenter 

Fluorescence in general can be compared to a roaming 
radio transmitter, radiating information to the experi- 
menter about the state of affairs on the molecular 
scale, and informing us where the transmitters are 
located and how many there are. The unique feature 
of FRET of all the fluorescence techniques is that 



these small molecular radiating energy transmitters 
can tell us whether D is close to A. This is so, even 
though FRET does not involve a radiative process, 
but rather competes kinetically with the radiative 
processes. FRET can also tell us whether D and A 
are moving relative to each other. As we discussed 
above, it is even sometimes possible to detect how the 
D and A transition moments are oriented relative to 
each other because the efficacy of transfer depends on 
the angular dispositions of the two dipoles. As with 
all the other fluorescence methods we can couple 
FRET with many other physical and biological 
methods, and this extends the applicability tremen- 
dously. Such broad applications are characteristically 
unique to fluorescence. Very importantly, FRET (and 
fluorescence in general) can be carried out in most 
laboratories, whether the ‘ samples ’ are large (such as 
in cuvettes, or even on whole mammalian bodies) or 
on the nanometer scale (such as in the fluorescence 
microscope). No matter what scale of the sample, 
the information from FRET on the molecular scale 
remains accessible. In this regard, FRET is like a 
spectroscopic microscope, providing us with distance 
and orientation information on the molecular scale 
regardless of the size of the sample (for this reason 
Stryer (1978) dubbed FRET a molecular ruler). In 
addition, by observing FRET over time (such as in 
stopped-flow) we can follow the dynamics of changes 
in molecular dimensions and proximities. 

As should be apparent from the above discussion, 
and a perusal of the contents of the recent literature, 
the range of applications of FRET is extremely 
broad. 



VI. Simple Portrayal of the FRET Process 
that Explicates the Different Ways of Mea- 
suring Energy Transfer Efficiency 

A. Rates of the Individual Pathways of De-ex- 
citation of the Excited Donor 

In order to analyze the data from a sample that is 
undergoing energy transfer, it is necessary to deter- 
mine the rate or efficiency of the energy transfer. 
The efficiency of energy transfer, sometimes also 
called the quantum yield of energy transfer, is the 
ratio of the number of times that an energy transfer 
event transpires divided by the number of times that 
a donor is excited. There are many different ways to 
measure FRET. We will present a very simple model 
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of a molecule in the excited state that will allow us 
to describe essentially almost all the different ways 
of measuring the rate of energy transfer (except for 
sensitized emission of the acceptor). 

In Fig. 1 , we depict the excited state as a bounded 
region in a ‘state space.' When a molecule is in the 
excited state, this is indicated by placing the abbrevia- 
tion of the molecule into the ‘excited state’ region. 
In Fig. 1 we have called the donor molecule ‘X’ and 
put an asterisk **’ to indicate that the molecule is 
excited. It is not necessary that the molecule get into 
the excited state by absorbing a photon. The ensuing 
process of energy transfer does not depend on how the 
donor molecule becomes excited. It is possible that 
the donor molecule could get into the excited state 
by receiving the energy of excitation from another 
excited molecule. Or the molecule could arrive in 
the excited state through means of a chemical or 
biochemical reaction — as in bio-chemical-lumines- 
cence. Bio-luminescence has also been used to study 
energy transfer (Morin and Hastings. 1971; Wilson 
and Hastings. 1998). Most FRET experiments are 
done such that the excitation is accomplished by 
absorbing a photon. Of course experimental details 
may depend on how the donor is excited, but this does 
not concern our description of the transfer of energy 
once the donor is in the excited state. 

Once a donor molecule is in the excited state 
region (see Fig. 1), it can only exit via one of the 
allowed exit pathways. All events that take place in 
the excited state will contribute to the overall rate at 
which an excited molecule leaves the excited state. 
The total rate (the probability per unit time) for an 
excited donor molecule to leave the excited state 
region is the sum of all possible rates for leaving by 
any of the possible exit pathways. Corresponding to 
each pathway (each mechanism of de-excitation) is 
an individual rate of passing through that particular 
exit from the excited state. Some of these individual 
rates can be affected by the molecular environment 
of the excited molecule (e.g., solvent effects, proxim- 
ity of quenchers or energy acceptors). Some of the 
rates are inherent to the molecular structure, such as 
the rate of intrinsic fluorescence decay (which can 
be calculated quantum mechanically for an isolated 
molecule). The rates can also depend on the time. 
This happens if the molecules move or change 
significantly during the time the donor molecule is 
in the excited state. However, if conditions remain 
constant, then the probability that a particular pathway 



Many photons (hv ex & hv em ) and many escape doors 




Quantum yield of the i ,h process * 



£j k j 



Fig. 1. The excited state is depicted as a circle in which the excited 
molecules are confined. Each molecule that is in the excited state 
has an asterisk (X*). The entrance to the excited state takes place 
through excitation with a photon of energy liv^. The excited 
molecules can leave the excited state through several pathways: 
energy transfer (k T ), fluorescence emission (k F ). intersystem 
crossing (k LSC ), internal conversion (k, c ), quenching (k Q ). or pho- 
tolysis (k PB ). Every time a molecule leaves the excited state by the 
fluorescence emission pathway it emits a photon of energy hv em . 
Except for the photobleach pathway (from which the molecule 
is irreversibly chemically destroyed) and intersystem dossing, 
every molecule that exits from the excited state returns to the 
ground state, and can be excited again. If the molecule undergoes 
intersystem crossing then it enters a triplet state (parallel election 
spins) where it again can exit through one of several pathways. 
From the triplet state the emission is called phosphorescence, 
and has a much longer lifetime (sometimes up to seconds). For 
this reason the triplet state is much more likely to undergo an 
excited state chemical reaction (often leading to destruction). 
However, if the transfer to the triplet state from the singlet state 
takes place, then it must be rapid so that it can compete with the 
other kinetic pathways in the nanosecond time region. The total 
rate of de-excitation from the excited state is the sum of all the 
individual rates. The analogy is made in the text of the excited 
molecules being confined in an ‘excited state room’ and the exit 
pathways aie depicted as ‘exit doors.’ 



of de -excitation will be chosen is independent of the 
other pathways. 

We can derive expressions for any fluorescence 
measurement by first considering the fate of a mol- 





Chapter 4 Excitation Energy Migration and Transfer 



93 



ecule once it is in the excited state. In this chapter we 
will limit our discussion to cases where the excited 
molecules have relaxed to their lowest excited-state vi- 
brational level before pursuing any other de-excitation 
pathway (see the Jablonski diagram in Fig. 2). This 
means we will not consider coherent effects whereby 
the molecule decays from a higher excited state, or 
from a non-Boltzmann distribution of vibrational 
levels before coming to a steady-state equilibrium 
in its ground electronic state. This only takes a few 
picoseconds. In this case the excitation process does 
not play a role in our discussion of decay by any of 
the pathways from the excited state. However we note 
that these processes are important for some of the 



energy transfer events in photosynthesis, especially 
in the antenna systems where the transfer happens in 
picoseconds. But this does not affect the basic picture 
of the simple description, or the conclusions that will 
now be derived from it. 

Now with this simple picture, all we have to 
do is observe the process of the excited molecule 
passing through one of the exit pathways (Fig. 1). 
For instance, in order to measure the rate of energy 
transfer we measure the rate or extent (efficiency) 
of passing through this exit pathway in the presence 
and absence of acceptor. This measured rate and the 
number of events passing through an exit pathway 
change when the acceptor is present. The extent of the 




Donor Molecule Energy levels 

Fig. 2. This is a modified Jablonski diagram depicting the ground and excited states. The vertical axis is energy. The excited molecules 
can leave the excited state in several ways. The rates of each pathway are labeled. If the molecules are excited to a higher electronically 
excited state than S,, or if they are excited to higher vibrational states, the energy is very quickly and efficiently dissipated (thermal 
relaxation) so that the molecules generally end up in the lowest energy level of the first excited state before any of the pathways of de- 
excitation (discussed in Fig. 1 ) can happen. The different exit pathways from S, all happen at a particular rate depending on the molecular 
surroundings. We have shown in the figure that energy transfer can also take place from the donor triplet state. Because singlet-triplet 
transitions arc not fully allowed, it might be thought that transfer from a donor triplet state, resulting in the singlet state of the donor, 
would not be allowed. However, the triplet is very long lived. The ultimate probability that energy transfer will take place is proportional 
to the product x D kT.Even though the actual transfer rate, kT, is very small, the lifetime of the triplet, x D ,can be very long (if it is not 
quenched). Thus, energy transfer can still be efficient (albeit slow) if there is some spin-orbit coupling such that the transition is not 
fully non-allowed. The rate is small, but the time is long, and efficient transfer can ensue; the acceptor passes from a singlet or triplet 
state to a corresponding singlet or triplet state, respectively (that is the spin of the acceptor does not change). There is no corresponding 
efficient transfer from a singlet donor state that changes the spin of the acceptor, because the lifetime of the excited singlet donor is too 
short (Clegg 1996; Lamola 1969). See the text for more detailed explanations of the different processes. 
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acceptor influence depends on how close the accep- 
tor is. However, it is important to remember that the 
probability per unit time (the inherent rate ) of passing 
through any particular exit pathway (except the FRET 
pathway) remains the same, whether the acceptor is 
present or not. We will consider a few cases. 

B. Measuring the Fluorescence Emission of 
the Donor 

1. Measuring Donor Lifetimes 

First let us consider the photons emitted by the donor. 
Every time an excited molecule exits the excited 
state region by the fluorescence pathway it emits a 
photon. We measure these photons (actually only a 
known fraction of them). We can either count the 
number of photons in a particular time interval (by 
a steady-state measurement of counting photons 
or an analogue measurement of the fluorescence 
intensity) or make a time-resolved measurement of 
the fluorescence decay. These measurements can be 
done in an ensemble mode or on single molecules-the 
basic process is the same. Of course, if we want to 
measure the energy transfer efficiency, we also have to 
record the number of times a donor molecule has been 
excited. This is because by definition the transfer ef- 
ficiency is a ratio involving the number of times donor 
molecules have been excited. The number of photons 
emitted by the donor species will of course depend 
on the number of molecules that were excited in the 
first place. We introduce the following notation: the 
number of photons collected from the donor emission 
will be depicted by Ff and F D A , where we mean the 
fluorescence of D in the presence (+A) and absence 
(-A) of acceptor. All other conditions, other than the 
presence or absence of acceptor, remain the same. 
During the same time of the experiment where we 
have measured the photons emitted by D, many of the 
excited D molecules have exited from the excited state 
by a pathway other than fluorescence. We designate 
the total rate of D molecules exiting by all pathways 
to be Y, rate (pathway) t in the absence 

of A, and ^ rate {pathway), in the presence of A. 

i 

Here the notation means either the number of times 
that exits from the excited state have taken place 
by pathway ‘i’ in a set time interval, or the rate by 
which exits happen through pathway ‘i.’ Obviously, 
the number of times a pathway has been chosen as 
an exit pathway is proportional to the rate at which 



the molecules exit by this pathway. We assume that 
we know the number of times a D molecule has been 
excited, so we can compare these numbers in the 
presence and absence of A. All the rates of the dif- 
ferent pathways of de-excitation are independent of 
the presence of A . This is important and is essentially 
always the case; if this is not true then the experiment 
cannot be done as we describe. Of course, in the 
absence of A there is no energy transfer; this is the 
only difference in the two sums. So, if we subtract 
the two sums, we get: 

rate (pathway). — ^ rate(pathway). = 

i h-ET 

= rate(pathway) Er (4) 

The important deduction from this is that we can 
measure the rate of energy transfer without ever 
measuring the energy transfer directly, provided we 
could measure the total rate of decay from the excited 
state. The intrinsic rate of each individual separate 
process refers only to each individual pathway, inde- 
pendent of the other pathways . However, the intrinsic 
rates along the individual pathways are not what we 
measure. The rate at which the excited D molecules 
leave the excited state detected by observing any 
selected pathway is the sum of the individual rates of 
all pathways of de -excitation. The fraction of excited 
D molecules following any particular pathway is the 
ratio of the rate for following this pathway divided 
by the sum of all the rates of de -excitation. 

Thus, when we determine the rate of fluorescence 
decay, by measuring the fluorescence lifetime, we 
are measuring the total rate. That is, 

(l / t f + a ) = rate (pathway. ) (5a) 

i 

and 

(l / t f _ a ) = Y, mte (pathway. ) (5b) 

D i±ET 

The rates are different in the presence and absence 
of acceptor because the total rate is different. There- 
fore, we can write: 

T: rate (pathway . ) — ^ rate (pathway . ) 

i &ET 

(l / ) - (l / t f _ a ) = rate (pathway ET ) ( o) 

Thus, by measuring the decay rate of fluores- 
cence of the donor, and doing this in the presence 
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and absence of acceptor, we can determine the rate 
of energy transfer by simply subtracting the rates 
(reciprocal fluorescence lifetimes). Of course, if we 
measure the fluorescence lifetime of the donor, we 
do not have to keep track of the number of donors 
that have been excited; this is a great advantage of 
measuring lifetimes. 

The efficiency of energy transfer is the same as the 
quantum yield of energy transfer. It is the number of 
times that molecules take the energy transfer path- 
way divided by the number of times that the donor 
molecules have been excited. This is the same as 
the ratio of the number of times the excited donor 
exits by transferring energy to the number of times 
the excited molecules exit by any process to return 
to the ground state. In terms of the lifetimes of the 
donor, this is: 



rate of energy transfer _ k £T 
total de-excitation rate ( r p +A j 



( 17 y M 17 
( 17 v) 





( 7 ) 



This is a very simple equation. 

Using the Forster’s derivation of k ET , see Eq. (1), 
we can write the efficiency in terms of the distances 
(which is the result that is normally desired): 
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2. Measuring Steady-State Fluorescence 
Intensities 

We can also measure the extent of fluorescence by 
counting the donor-emitted photons or measuring 
the corresponding analog intensity in the presence 
and absence of energy transfer, and from these in- 
tensities we can calculate the efficiency of energy 



transfer. The intensity of fluorescence is proportional 
to the ratio of the rate of emitted photons (emitted 
by the donor), divided by the total rate of de-excita- 
tion events. That is, the fluorescence intensity of the 
donor is proportional to the rate of the fluorescence 
pathway divided by the total rate of leaving the ex- 
cited state (if the fluorescence pathway was the only 
exit, then the quantum yield of fluorescence would 
be one). That is, 



Fluorescence +A oc [rate f pathway j] rate( pathway t ) 



= rate ( pathway _ 

fluorescence 




( 9 ) 



and 
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rate(pathway). 



= rate ( pathway . 

\ r s fluorescence 




( 10 ) 



The rate through the fluorescence pathway is the same 
in both cases. That is, [nite(pathway) fiuoKSCence ]is a 
constant rate, independent of the presence of all other 
pathways of de-excitation; specifically the inherent 
rate of fluorescence is independent of the presence 
or absence of energy transfer. It is convenient if one 
can arrange it so that the intensity of excitation light 
is the same in both cases. If this is true and if the 
concentration of donor molecules is also the same, 
then the number of initially excited donor molecules 
is the same. If these conditions are not met then the 
value of detected donor fluorescence can be corrected 
so the measured values can be compared. Once these 
corrections have been made (if they are necessary) 
we can form the following ratio: 
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This is the way that the energy transfer efficiency is 
usually measured. 

This can of course be derived from the lifetime 
equations as follows. Because the fluorescence inten- 
sity of the donor in the presence of A, F* A , and the 
absence of A, F D A , is proportional to x p +A and x A 
we have from equation 7 : 

1 7+ -4 

E = 1 . ( 12 ) 

rp-A x 

C.Any Process (Not Only Fluorescence) 
Leading to De-excitation of the Excited Donor 
Can Be Used to Measure FRET Efficiency 

Note that although we measure the efficiency of 
energy transfer, another process — fluorescence 
emission — has been measured. Of course, we never 
measure directly the rate of energy transfer. When 
the fluorescence intensity of the donor molecules is 
measured, we are measuring a pathway for molecules 
that have not undergone energy transfer. This method 
of measuring competitive kinetic processes yields 
at once the efficiency of energy transfer as we have 
shown above. Analogous methods can be used to mea- 
sure the rate or the extent of any process happening 
in the excited state. We do not have to measure the 
rate of fluorescence in order to measure the rate or 
extent of energy transfer. For instance, consider the 
case that the donor undergoes a chemical reaction in 
the excited state. We can measure either the rate of this 
excited state reaction, or the extent of this reaction, 
in the presence and absence of the acceptor. Then we 
can use the same method just described to determine 
the extent of energy transfer without ever measuring 
fluorescence. We just measure the rate or extent of the 
excited state reaction in the presence and absence of 
energy transfer, and carry out similar calculations as 
just shown. Obviously, processes other than energy 
transfer can be (and are) measured with this method. 
For instance, similar techniques are used to measure 
dynamic molecular collisions that cause dynamic 
quenching of fluorescence. We can measure the rate of 
quenching by observing the photons that are emitted 
(which are not quenched ) from the fluorophore — we 
just have to do this in the presence and absence of 
the quencher. Once the rate of dynamic quenching 
is known, we can estimate diffusion constants and 
the size of quenching target areas. 



1. The General Case 

In general, consider two competing processes lead- 
ing to de-excitation of D*, process A and process B. 
Process A can be measured by determining the rate 
or extent of process B in the presence or absence 
of process A. Effectively, we measure B in order to 
determine A. These simple considerations cover es- 
sentially all the indirect methods of measuring the 
energy transfer process. Because the excited donor 
molecule can be de-excited through many different 
pathways of kinetically competing processes, we can 
use any of these pathways to determine the rate of 
exiting from the excited state. Usually fluorescence 
is used to measure the energy transfer, but the word 
‘fluorescence’ in ‘fluorescence resonance energy 
transfer’ does not refer to the method of measurement, 
but to the fact that the donor must have a measurable 
quantum yield of fluorescence. This is a simple con- 
sequence of the dipolar nature of the coupling that 
mathematically results in the same transition dipoles 
that operate in spectroscopic transitions. The reason 
why the donor molecule must have a fluorescence 
quantum yield (that is, it cannot be zero) is because 
the energy transfer process takes place due to the 
coupling of the two electric dipoles (first explicitly 
realized by Kallmann and London (1928)). This mo- 
lecular interaction causes a electric field perturbation 
that is quantum mechanically analyzed identically to 
spectroscopic transitions; it is through this process 
that the transition dipoles of the donor emission and 
the acceptor absorption enter the calculation. We 
consider this in the following section. 

D. The Spectroscopic Transition Dipoles are 
Involved in FRET Even Though There is No 
Emission/Absorption Processes Involved 

It has been emphasized that FRET is a non-radiative 
process. That is, the transfer takes place without the 
emission orabsorptionofaphoton; and this is correct. 
And yet, the transition dipoles that are the mechanism 
by which the ground and excited states are coupled are 
glaringly conspicuous in the expression for the rate 
of transfer. For instance, the fluorescence quantum 
yield of the donor, the absorption coefficient of the 
acceptor and the overlap integral, are all represented in 
the Forster rate expression and they are all integrally 
associated with spectroscopic transitions. These 
dipole matrix elements in the quantum mechanical 
expression for the rate of FRET are the same matrix 
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elements as found for the interaction of an electro- 
magnetic field with the chromophores. These matrix 
elements that characterize the absorption and emis- 
sion of radiation by a molecular chromophore are 
represented (classically) in the classical derivation 
for the rate of energy transfer. However the origin of 
the electromagnetic perturbation driving the energy 
transfer and the spectroscopic transitions are quite 
different.Theoriginofthis interaction term in the case 
of FRET is the coulomb interaction between the D and 
A electron distributions (D in the excited state, and A 
in the ground state ). The Coulomb charge interaction 
between D and A is usually simplified using a dipole 
approximation, and this results in an expression con- 
sisting of the transition dipole. When the D and A are 
too close together, this dipole approximation camiot 
be used (Schulten, 1999). For direct spectroscopic 
transitions, the dipole approximation arises when 
calculating the matrix element for the interaction 
of a propagating electromagnetic wave. The dipole 
approximation for spectroscopic transitions results 
because the wavelength of the electromagnetic per- 
turbation is very large compared to the extent of the 
molecular electronic system. In the interaction matrix 
the momentum operator of the electrons can be writ- 
ten in terms of the position operator of the electrons 
(Schiff, 1968; Craig and Thirunamachandran, 1984; 
Chen and Kotlarchyk, 1997). Serendipitously — if 
you will — the interaction term in the case of FRET 
films out to be identical to the spectroscopic transition 
dipoles. This is not surprising for anyone who takes 
the time to go through the derivations; however, it is 
interesting to note the results. In both cases, a first 
order approximation produces mathematical expres- 
sions where the dipole transition moment is used. In 
this sense, it is clear that the term ‘fluorescence’ in 
FRET is a misnomer. FRET has nothing to do with 
fluorescence. Fluorescence is only a convenient way 
to measure the energy transfer. 

The dipole -dipole energy transfer is comparable 
to the induced dipole-induced dipole van der Waals 
interactions that also decays with the sixth power 
of the distance between the molecules. Also, the 
interaction between chlorophyll molecules in the 
closely associated photosystem antennae systems 
is represented by such a Coulomb interaction. This 
sets the basis of the exciton system (a very readable 
introduction to exitons can be found in the short 
book by Dexter and Knox (1965)) that is used to 
explain the spectroscopic properties, and also plays 
an important role in the energy transfer through the 



antennae system (Renger et al., 2001). Similarly to 
the interaction of D and A molecules, if the nearest 
neighbors of this interacting system are too close, 
then the dipole approximation cannot be used in the 
calculation (Schulten, 1999; Renger et al., 2001). 

E. Measuring FRET Efficiency by Utilizing 
Photobleaching 

1. Measuring the Rate of Donor 
Photobleaching 

Photobleaching is usually seen as an undesirable pro- 
cess that should be avoided if possible. It is true that 
photodestruction of fluorophores often limits the ac- 
curacy with which experiments can be carried out, and 
sometimes makes certain experiments impossible, 
especially in microscopy. However, photobleaching 
is a contributing pathway out of the excited state of 
the donor. As such it is a process competing with 
all the other de-excitation pathways. Therefore, we 
should be able to use it to measure FRET efficiency 
according to the above discussion. The photobleach- 
ing technique for measuring FRET efficiency has been 
well described (Hirschfeld, 1976; Benson etal., 1985; 
Jovin and Arndt- Jovin, 1989a, b; Szabo et al., 1992; 
Young et al., 1994; Kenworthy et al., 2000) and is 
especially useful in fluorescence microscopy to image 
FRET efficiency in biological cells. The time over 
which photobleaching takes place is usually in the 
range of seconds or minutes; that is, almost 10 orders 
of magnitude slower than the nanosecond emission. 
This is usually the time it takes for an ensemble of 
molecules (or, for single molecules, the average time) 
to bleach when illuminated with excitation light. The 
reason why we can observe it in the presence of all the 
other much faster processes is that it is irreversible. 
There is a certain probability every time a molecule 
enters the excited state that it will be destroyed by 
photobleaching (in photochemistry, this is the desired 
effect). Because the pathway of photodestruction 
competes with all the other pathways of de-excitation 
(on the nanosecond time scale), we can apply a similar 
analysis as described above to calculate the effect of 
an acceptor on the rate of photodestruction of the 
donor. In general, one follows the slowly decaying 
steady-state fluorescence intensity of the donor, or 
we observe the random emission from one molecule 
if we are making single molecule measurements, and 
determine the time required for this fluorescence to 
disappear. Most fluorophores will photodestruct ev- 
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ery 10 4 to 10 7 excitation events; this depends on the 
molecular structure and the environment. This means 
that the probability of photodestruction is very small 
compared to the probability to fluoresce, undergo 
energy transfer or be quenched by collision (but not 
photodestructed). However, over a long time, because 
photolysis is irreversible, the number of potentially 
fluorescent molecules will decrease. We measure the 
rate of photodestruction in the presence and absence 
of an acceptor (that is, in the presence and absence of 
energy transfer). We make the following ratio, where 
we designate photobleaching with the acronym ‘pb;’ 
and t pb>maiauMd means the measured photobleaching 
time constant, which is in the second to minute range. 
The variable rate pbpathway is the intrinsic rate through 
the photobleaching pathway (See Eq. (13) below). 

Even though one says that the fluorophore is pro- 
tected from photobleaching by the presence of the 
acceptor, what actually happens is that the probability 
per unit time for photodestruction is always the same. 
However, in the presence of the competing process of 
energy transfer the overall rate of photobleaching is 
less. Therefore, we can use the rate of photobleaching 
to measure the rate of energy transfer. This method 
uses measurements recorded in the second to minute 
range in order to measure rates in the nanosecond 
range. 

2. Photobleaching the Acceptor 

There is another easy way to use photobleaching 



to measure the efficiency of energy transfer. Many 
times it is only possible to measure the fluorescence 
intensity or the fluorescence lifetime of the donor 
with a sample where both D and A are present (this 
often happens in microscopy). If we make an initial 
measurement (fluorescence intensity or lifetime) of 
the donor in the presence of acceptor, and then pho- 
tobleach the acceptor (not the donor) and repeat the 
measurement, we can use these two measurements to 
measure the efficiency of energy transfer. The equa- 
tions that were derived above when measuring steady 
state donor fluorescence can be used for this because 
essentially by photobleaching the acceptor we have 
made the equivalent measurements in the presence 
and absence of acceptor. The same equations apply. 
One assumes in this method that the photodestructed 
acceptor does not interfere spectroscopically with 
the experiment, what is usually the case. This is a 
very useful method of determining FRET in imaging 
experiments when one cannot easily determine the 
spectroscopic properties that are necessary for mak- 
ing corrections in the data for overlapping spectra 
of D and A. 

F. Direct Methods of Measuring the Efficiency 
of Energy Transfer 

1. Detecting the Fluorescence From the Ac- 
ceptor 

The direct methods of measuring energy transfer all 
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depend on showing the production of excited acceptor. 
That is, the energy transfer can be detected directly by 
measuring the number or concentration of acceptor 
molecules that have received their excitation energy 
from the donor. This is called sensitized excitation 
of the acceptor, or if we can detect the fluorescence 
emanating from the acceptor molecules that have been 
excited by energy transfer from the donor, it is called 
sensitized emission of the acceptor fluorescence. In 
order to accomplish this, account of direct excitation 
of the acceptor by means other than energy transfer 
must be made during the analysis, and the fluores- 
cence of the donor contributing to a signal must be 
known (Clegg, 1996). Determining the contribution 
of the donor to the fluorescence signal is easy if the 
fluorescence spectrum is measured (Clegg, 1992). 
The fluorescence spectrum can be decomposed into 
the separate contributions from donor and acceptor. 
This is straightforward to carry out in a computer if 
we have spectra of the donor and acceptor alone (in 
the exact environment that the FRET measurement 
is made ). The degree of direct excitation of the ac- 
ceptor when exciting with wavelengths for donor 
excitation can be determined by measuring the ac- 
ceptor fluorescence using an excitation wavelength 
high enough not to excite the donor. Depending on 
the experimental situation, this can be unproblematic . 
Observing sensitized emission of the acceptor is a 
reliable and very discerning measurement. Stimulated 
emission of the acceptor is direct evidence of energy 
transfer because sensitized emission of the acceptor 
can only arise by energy transfer. 

2. Detecting Excited State Reaction Products 
of the Acceptor 

Another method to detect energy transfer directly is 
to measure the concentration or amount of acceptor 
that has undergone an excited state reaction by means 
other than detecting its fluorescence. For instance, by 
chemical analysis or chromatographic analysis of the 
product of a reaction involving excited A (Kuhn et al., 
1972; Kuhn and Mobius, 1 993). An early application 
of this determined the photolyzed A molecules by 
absorption spectroscopic analysis. (Drexhage et al., 
1963; Kuhn, 1965; Barth et al., 1966). This can be 
a powerful method, because it does not depend on 
expensive instrumentation; however, it lacks real-time 
observation, and requires subsequent manipulation. 
For this reason, fluorescence is the usual method of 
detection of the sensitized excitation of the acceptor. 



If it is possible to excite the donor without exciting the 
acceptor, then the rate of photolysis of the acceptor 
(which is an excited state reaction) can be used to 
calculate the FRET efficiency (Mekler, 1994) 

3. Measuring Lifetime- Resolved Fluores- 
cence of the Acceptor 

Transfer from the donor perturbs the time progress 
of the emission decay of the acceptor. This always 
happens because the energy transfer is a time-depen- 
dent process, and the rate of the fluorescence signal 
emanating from those molecules of the acceptor that 
are excited due to energy transfer is convoluted with 
time-dependent decay of the donor, which, through 
energy transfer, is the process responsible for the 
excitation of the acceptor. Of course, the actual fun- 
damental rates for leaving the excited state by any 
pathway of any excited acceptor molecule are not 
affected by the transfer. That is, the probability per 
unit time for any excited acceptor molecule to leave 
the excited state does not depend on how the acceptor 
molecule becomes excited (unless it is actually situ- 
ated in a unique different molecular environment). 
However, due to the convolution of the energy transfer 
process into the probability of an acceptor to become 
excited, the time decay of the acceptor can emulate 
the energy transfer kinetics. There are a few special 
cases that are of special interest. 

If the emission lifetime of the donor is very slow 
compared to the lifetime of the acceptor, it can be 
convenient to observe the emission of the acceptor 
by time-delaying the detection. This has the great 
advantage that one is observing the emission of the 
acceptor after all the directly excited acceptor mol- 
ecules have decayed, and the only acceptor emission 
arises from excitation by energy transfer. It is still 
necessary to employ a filter to block the emission 
of the donor fluorescence. In this case it is clear that 
the delayed emission from the acceptor fluorescence 
originates only from the energy transfer. If very long 
lifetime probes are used, such as lanthanides (with 
millisecond lifetimes) the time resolution is easy to 
achieve in most laboratories with simple rotating 
light choppers (Marriott et al., 1991, 1994; Selvin, 
1995). In addition, if lanthanides are used as donors, 
then it is relatively easy to block the very narrow 
fluorescence bands of the donor. 

In a related method, also very powerful, one can 
measure the delayed emission of the acceptor fol- 
lowing transfer from a donor that has a very short 
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lifetime compared to the acceptor. In this case the 
emission of the acceptor does not mirror the lifetime 
of the donor (because the donor fluorescence decay is 
much faster), and fluorescence from the acceptor can 
arise from transfer from the donor and from direct 
excitation. But the advantage is that the interfering 
fluorescence from the donor does not interfere with 
the delayed detection measurement. One must excite 
the sample with wavelengths that do not excite the 
acceptor directly. Also, if the direct fluorescence of 
the acceptor can be taken into account, by for instance 
exciting where only the acceptor absorbs (this is often 
possible because absorption spectra have a low energy 
cut-off at the 0-0 position), it is straight forward — if 
there is no donor fluorescence contributions to the 
signal — -to calculate the acceptor fluorescence coming 
only from energy transfer. In addition, the measure- 
ment of the direct excitation of the acceptor will 
provide normalization for the concentration of the 
acceptor molecules so that the fluorescence energy 
transfer efficiency can be calculated. 



VIII. Transfer between Identical Molecules 
Detected by Fluorescence Anisotropy 

If the donor and acceptor molecules are chemically 
identical, then transfer from the excited molecule 
to the unexcited molecule of the pair can take place 
(more than once during an excitation event), provided 
that the spectroscopic requirements of Eq. (2) are 
valid. This is called homotransfer (Clegg, 1992). 
However, then the fluorescence lifetime, and the 
fluorescence quantum yield, do not change from that 
of the singly excited molecule. However, the energy 
transfer can still be observed by measuring the anisot- 
ropy of the fluorescence emission. As mentioned in 
the introduction, the experimental parameter that led 
Perrin to the idea of intermolecular energy transfer 
was the decrease in polarization of the fluorescence 
of higher concentrations of dyes caused by homo- 
transfer (J. Perrin, 1927). Transfer between identical 
or near-identical molecules plays a pivotal role in the 
funneling of the energy into the reaction center of 
photosynthetic systems. 



IX. Models of Energy T ransfer through 
Photosynthesis Antennae Systems 

In almost all photosynthetic systems, mobile elec- 



tronic excited states (excitons), produced from the 
excited singlet states of chlorophylls and bacterio- 
chlorophylls (Knox, 1975), migrate in a random man- 
ner to the reaction centers (Knox, 1968; Pearlstein, 
1982), where the photochemistry of photosynthesis 
is carried out (Knox, 1977). The basis of theories 
describing the intermolecular transfer of energy in 
this light harvesting process has traditionally involved 
Forster transfer. We will not discuss the mechanism of 
any specific photosynthetic system in this article, but 
refer the reader to the literature (a recent monograph 
gives a good overview; van Amerongen et al., 2000). 
There are similarities as well as major differences in 
the composition of the antennae and reaction centers 
of the eukaryotes (algae and embryophytes) and 
prokaryotes. Other than cyanobacteria, which release 
oxygen as a by product, all other photosynthetic 
bacteria are non-oxygen-evolving (anoxygenetic). 
In order to capture the light energy, almost all the 
photosynthetic organisms (other than halobacteria) 
contain one or more types of pigments called chloro- 
phylls and bacteriochlorophylls (Green and Parson, 
2003). Additional pigments, the carotenoids and bilin 
pigments are also used to trap and channel energy to 
the reaction center. In addition, the carotenoids are 
highly efficient quenchers of chlorophyll’s triplet 
state that can form at low frequency (Frank et al., 
1999). This protects organisms against harmful 
singlet oxygen, which would otherwise be formed 
from the triplet state of chlorophyll. The variety of 
photosynthetic organisms is vast. However, these 
systems are all extremely effective in capturing and 
utilizing light energy. Dipole-dipole coupled Forster 
energy transfer is a central mechanism in all these 
systems (with the exception of the halobacteria) to 
channel the captured energy into the reaction centers, 
where photosynthesis takes place. 

The antennae systems of photosynthetic systems 
are highly organized supramolecular structures of 
closely interacting chromophores that have been op- 
timized during evolution. The systems are extremely 
effective in transferring the energy from the antennae 
into the reaction center within 100 picoseconds and 
with greater than 95% efficiency. It is a major theo- 
retical challenge to understand the basic physics of 
how this takes place. The recently determined detailed 
structures of photosynthetic systems have been criti- 
cal for progress in these theoretical descriptions. The 
excessive speed at which the energy transfer takes 
place is a sign that the individual molecular compo- 
nents are strongly coupled. This leads to the necessity 
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of employing second quantization techniques in the 
description of the basic quantum mechanical states, 
and the ensuing dynamics. This is far beyond the 
purpose of this chapter. The field has been recently 
reviewed (Schulten, 1999; Renger et al., 2001), and 
references to the original works can be found there. We 
wish only to call attention to a few important features. 
The discussion above has dealt with the transfer of 
energy between two separate individual molecular 
systems that are interacting through dipole -dipole 
interactions. This is still true in the photosynthetic 
systems; however, the structures of the molecular 
system that funnels energy through the antennae into 
the reaction center cannot be described by limiting 
the excitation to individual molecular systems. The 
energy levels are mainly due to linear combinations 
of individual (B)Chl excitations, which are excitons 
(Dexter and Knox, 1965). The excited states of the 
(B)Chl aggregates must be described, as well as their 
ground electronic states. 

The individual chromophore molecules are usu- 
ally assumed to interact by induced dipole-induced 
dipole interactions. If the interacting molecules are 
exceptionally close, the dipole approximation is not 
valid and direct Coulomb interactions of the mo- 
lecular charges must be considered (Chang, 1977; 
Schulten, 1999 ). The observed spectroscopy is closely 
linked to this tightly interacting system of interacting 
chlorophylls. The spectroscopic system involves the 
highly coordinated cooperation of many individual 
molecular electronic systems. It is not clear from the 
different theoretical systems how delocalized the ex- 
citons of the (B)Chl rings are (Renger et al., 2001). 

The energy transfer between the antennae systems 
and within, are extremely fast, but they are all modeled 
by Forster energy transfer. However, for the neighbor- 
ing molecules that are very close, the full Coulomb 
expression is used (not the dipole approximation) 
(Schulten, 1999; Renger et al., 2001). 



X. Energy Transfer by Electron Exchange 

Up to now we have discussed dipole-dipole (Coulom- 
bic ) energy transfer between a fluorescent donor and 
an acceptor with an overlapping absorption spectrum. 
There is another type of transfer that is very impor- 
tant for photosynthetic systems. This type of energy 
transfer is called Dexter transfer; Dexter was the first 
to publish an account of this (Dexter, 1953; Ganguly 
and Chaudhury, 1959; Dexter and Knox, 1965). Here 



we just outline the physical principles involved, and 
point out the differences to Forster transfer. 

If the charge distributions of the D and A overlap, 
then a new class of interactions has to be considered, 
namely the exchange interaction between the elec- 
trons on D and on A. The transfer probability is then 
determined by the exchange integral: 

J\K (n)K te)f (r 2 )n (*)]<#& (14) 

; i r i 



The first square bracket describes the final state 
of the system, where the acceptor is excited, and 
the donor is not. The second bracket represents the 
initial state with the donor excited and the acceptor 
not. However, notice that the electron 1 starts on the 
donor and after transfer ends up on the acceptor. For 
this reason this is called transfer by an ‘exchange’ 
mechanism — the electrons of the D and A exchange. 
However the integral is still easy to visualize. The 
interaction takes place by the usual Coulomb inter- 
, between a pair of electrons. One 
■barge distribution, 



action, e 2 / i[ — r 2 



electron has the c 



and the other the charge distribution 



If the wavefunctions centered on A do not overlap 
with the wavefunctions centered on D, then these 
charge distributions are everywhere zero, and the 
integrals vanish, and the transfer cannot take place 
via this mechanism. Because the wavefunctions 
usually decrease exponentially with distance from 
the nuclei, the transfer probability will vary roughly 
exponentially with the D-A separation. Thus this 
type of transfer only can take place over very short 
distances, such that there is some overlap of the elec- 
tronic orbitals. In the highly organized and closely 
spaced molecular structures of the Photosystem I and 
II, Dexter transfer can contribute very effectively to 
transfer from chlorophyll to carotenoids. 

It has not yet been established whether this pathway 
of energy transfer plays an important role in the tun- 
neling of energy through the antennae system into 
the reaction center (Renger et al . , 200 1 ) . The detailed 
theoretical quantum mechanical models so far do not 
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include this interaction (Schulten, 1999; Renger et 
al., 2001). The transfer process is assumed to take 
place by the mutual interaction of closely spaced and 
specifically oriented transition dipoles of the com- 
ponents of the antennae systems. In general it is not 
to be expected that overlapping orbitals will become 
influential until distances between participating mol- 
ecules are closer than 0.5 nm. On the other hand, the 
close proximity of interacting components in the BChl 
rings raises the probability of this happening. 

The Dexter (or electron exchange ) mechanism of 
energy transfer has been suggested to be operative in 
the mechanism of bacteriochlorophy 11 ’s protection by 
carotenoids (Damjanovic et al., 2000). This transfer 
mechanism protects the bacteria against the detrimen- 
tal effects of triplet states that can generate excited 
oxygen radicals. The extremely rapid Dexter transfer 
of energy from the triplet state of the bacteriochlo- 
rophyll molecules to carotenoids (which cannot be 
used as a reaction source for oxygen radicals) avoids 
the damaging effects of oxygen radicals. 



XI. Assumption of Non-coherent Mecha- 
nisms. Cooling Off to the Equilibrium Posi- 
tion of the Nuclei Positions 

It has been assumed so far that the nuclei are in 
equilibrium configurations in the excited state in 
the time span that the different de-excitation kinetic 
pathways are active. This means that before any of 
the pathways of de-excitation from the excited to 
the ground state take place, the atomic nuclei have 
found new steady-state equilibrium positions. The 
transition from the ground state to the excited state 
happens so fast that the positions of the nuclei are 
left in the equilibrium positions corresponding to 
the ground state. This ‘out-of-equilibrium’ state is 
called the Franck-Condon State. The electronic ex- 
citation is very rapid (on the order of femtoseconds), 
but the heavier nuclei cannot follow immediately. 
Therefore, the initial atomic structure of the excited 
state is under stress and the nuclei relax rapidly to 
new positions commensurate with the potential of 
the first electronic excited state. The ground state is 
of course always in an equilibrium configuration. We 
have tacitly assumed that this relaxation process to an 
equilibrium configuration of the nuclei always takes 
place before any of the mechanisms of de-excitation 
transpire. This is certainly true for most samples of 
interest for biological studies. In general, because 



biology takes place in a condensed environment, 
there is always a tight coupling of the thermal motions 
of the environment with the thermal motions of the 
chromophore. Therefore, these internal conversion 
relaxations within an electronic state potential are 
extremely rapid (on the order of picoseconds ). Since 
the lifetimes of the excited state are of the order of 
nanoseconds, the very rapid internal conversion from 
the Franck-Condon state to the thermally relaxed 
excited state (cooling off) is always rapid compared 
to the pathways out of the excited state. 



XII. Cascade Mechanism of Transfer — 
Emission and Reabsorption of a Photon 

This is usually called ‘trivial energy transfer.’ It 
involves the reabsorption of a photon that has been 
emitted by another molecule of the sample. This pro- 
cess is important in samples that are macroscopic and 
extended with concentrated chromophores . It is not an 
important contribution to the biologically important 
energy transfer, but it is critical either to avoid or 
take into account when interpreting energy transfer 
signals. It not only mimics energy transfer, but it also 
leads to concentration dependent depolarization of 
the fluorescence signal. It is however dependent on 
the path length of the light through the sample. 
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Summary 

In this chapter we discuss the transfer and trapping of excitation energy by plant Photosystem I and Photo- 
system II. For both photosystems structural models are now available that allow detailed modeling of their 
spectroscopic and energy transfer properties. In the core of Photosystem I the energy transfer process is fast, 
and is characterized by a first passage time of less than 10 ps. On a similar time scale the excitation energy 

may be localized on the conspicuous red chlorophylls (Chi; i.e. Chls absorbing at lower energy than the pho- 

tochemical trap, P700) present in Photosystem I. Slower equilibration with even redder pools of Chls occurs 
in competition with trapping of excitation. The overall decay time of the excitation takes several tens of ps, 
depending on the amount and color of the red Chls. Also within the core antenna proteins of Photosystem II, 
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CP43 and CP47, the energy transfer is fast. However, due to the large distance between the Chls of CP43 and 
CP47 and the cofactors in the D1D2 reaction center, the overall trapping time in the core of Photosystem II is 
much slower than in Photosystem I. In the peripheral light-harvesting complexes of Photosystem I (LHC I) and 
Photosystem II (LHC II, CP24, CP26, CP29 ) the energy transfer is characterized by a multitude of timescales, 
largely due to the spread in distances and orientations (at least in LHC II). The energy transfer in LHC II must 
be considered as a mixture of ‘excitonic relaxation’ and ‘Forster hopping.’ The intercomplex rates of energy 
transfer from LHC II monomer to monomer, between LHC II trimers and probably towards and away from 
the minor complexes CP24, CP26 and CP29 are slow, several tens of ps. Consequently the migration of the 
excitation through the Photosystem II supercomplex contributes heavily to the observed slow overall trapping 
time in intact Photosystem II. 



I. Introduction 

Photosynthesis is the process that enables certain 
organisms to use the energy of sunlight to fulfill 
their energy needs (Scheer, 1991; Barber, 1992; 
Blankenship, 2002). The process is initiated by the 
absorption of light by one of the pigment molecules 
(in plants Chi (Chi ) a, and b and various carotenoids 
(Car)) in light-harvesting antenna complexes, as well 
as the reaction centers ( RC) themselves, bringing the 
pigment into an excited state. To capture the fleeting 
excitation, energy is transferred rapidly between the 
pigments in the light-harvesting antenna complexes, 
to arrive at a special RC site within a few tens to hun- 
dreds of picoseconds (ps) (van Grondelle and Amesz, 
1986; van Grondelle et al., 1994; van Grondelle and 
Somsen, 1999; van Amerongen et ah, 2000; Green 
and Parson, 2003). Here the excited state energy is 
used to drive an ultrafast electron transfer reaction, 
eventually leading to a stable (long lived ) charge sepa- 
ration ( Deisenhofer and Norris, 1 993 ). The energy of 



the charge separation is used to drive a whole series 
of processes ultimately leading to the production of 
adenosine triphosphate (ATP), the major source of 
free energy in biological systems, and the reduced 
form of nicotinamide adenine dinucleotide phosphate 
(NADPH), the major electron donor in reductive 
biosynthesis. 

Plants make do with two reaction centers, each 
with its own associated light-harvesting antenna: 
Photosystem I (PS I) and Photosystem II (PS II). A 
unique property of PS II is the extremely high redox 
potential of the electron donor P680 + (~ +1.2 V), 
much higher than the redox potential of any other 
known photosystem and sufficient to oxidize water 
to molecular oxygen (Diner and Babcock, 2001; 
Barber, 2002). PS I generates a low redox potential 
species that reduces NADP + to NADPH. In addition 
the electron transport from PS II to PS I is coupled 
to the formation of a proton gradient that generates 
ATP. The advent of oxygenic photosynthesis not only 
allowed photosynthetic organisms to proliferate to an 



Abbreviations: 3 PEPS - three pulse photon echo peak shift; A 0 - the primary electron acceptor of PS I, a Chi a monomer; ATP - ad- 
enosine triphosphate; BChl - bacteriochlorophyll; Bph bacteriopheophytin; C 2 S 2 M - PS II supercomplex with two strongly bound 
(S) and one moderately bound (M) LHC II; C708, C719 - red Chi forms associated to Photo system I; Car - carotene; CD - circular 
dichroism; Chi - chlorophyll; CP24, CP26, CP29 - minor chlorophyll binding antenna complexes associated with Photosystem II; 
CP43, CP47 - Chi antenna complexes associated to the core of Photo system II; ; D - Debye; D1D2 - Photosystem II reaction center; 
DAS - decay associated spectrum; F695 - emission of PS II of plants at 695 nm observed at low temperature; F735 - emission of PS I 
of plants at 735 nm observed at low temperature; FMO - Fenna-Matthews-Olson complex; fpt - first passage time; IC - internal conver- 
sion; IDF - inhomogeneous distribution function; k B - Boltzmann constant; LD - linear dichroism; LHC - light-harvesting complex; 
Lhcal, 2, 3, 4 - proteins composing LHC I; LHC I - peripheral light-harvesting complex associated with Photosystem I; LHC II pe- 
ripheral light-harvesting complex associated with Photosystem II; Lut lutein; NADP nicotinamide adenine dinucleotide phosphate; 
Neo - neoxanthin; P680 - primary electron donor of Photosystem II; P700 - primary electron donor of Photosystem I; Ph - pheophytin; 
ps - picosecond; PsaA, PsaB - two large protein subunits of PS I that bind the RC and most of the pigments; PsaX - a small protein 
subunit of PS I; PS I - Photosystem I; PS 1-200 - large PS I particle from higher plants containing LHC I and binding approximately 
200 Chls/P700; PS II - Photosystem II; Q - quinone electron acceptor in the reaction center of Photo system II; Q y - transition in the 
absorption spectrum of chlorophyll around 670-680 nm; RC - reaction center; S. elongatus - Synechococcus elongatus ; S 0 - carotenoid 
electronic ground state; S 19 S 2 , S N - carotenoid electronic excited states; SE - stimulated emission; S-S - singlet-singlet; S-T singlet- 
triplet; T absolute temperature; T-S - triplet-minus-singlet; Vio violaxanthin; W DA - Forster rate of energy transfer between a donor 
D and an acceptor A; Zea - zeaxanthin; (3-Car - (3-carotene; x cs - charge separation time; x del - delivery time of the excitation energy to 
the reaction center; x mig - migration time of the excitation energy in the light-harvesting antenna; x ss - single-site lifetime; x^ - trapping 
time by the reaction center. 
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enormous extent, but also paved the way for oxygen- 
dependent life forms by bringing molecular oxygen 
into the atmosphere. 

A. Photosynthetic Excitons 



the basis of local Chi excitations. Taking into account 
the Q y energy levels of each Chi only, the set of basic 
states for the effective Hamiltonian is given by: 

= ' = 1,2, ,N (2) 



In all photosynthetic systems pigments with intense 
absorption bands in the visible and near-infrared 
part of the spectrum are densely packed with typical 
nearest neighbor center-to-center (for Clils Mg-Mg) 
distances of 1 nm or less, resulting in a strong inter- 
action of their electron clouds. For molecules with 
intense electronic transitions, such as the Chi Q y 
transitions, the interaction between them is dominated 
by the coulombic term, while the contribution due 
to exchange-effects is typically small (Krueger et al. 
1998). In lowest order the Coulombic term is given 
by the interaction between their transition dipoles: 



V n = 5 . 04 | 



f 



\ £ r / 



Mi Jh 

Rl, 



^Ml ' R]2 ^ 12 j 



R;- 



5.04 






|M, 



K 



a) 



where Mi. Ah are the transition dipoles of the interact- 
ing molecules (we use u 2 = 23 D 2 for the Chi a Q y 



transition (Gobets and Van Grondelle, 2001), R l2 is 
the distance vector connecting molecules 1 and 2, 



R n = R n . K = (cos<f> -3cos(9 ; cos(9 2 ) is the orienta- 
tion factor, with <t> the angle between Mi and m 2 and 



6,, 0 2 the angles between Mi . M, and R n respectively. 
The factor / 2 /e r accounts for the effects of the medium 
on V (for a detailed explanation, see Van Amerongen 
etal.,2001). InEq. (1), when theM’s are in Debye (D) 
and R n is in nm, then V is obtained in cm -1 . At the 
Mg-Mg distances that occur in photosynthetic pro- 
teins the ‘excitonic ’ interactions between neighboring 
Clils are sufficiently large to give rise to measurable 
effects in the absorption spectra (shifts, splittings, 
redistribution of oscillator strength) as well as to the 
ultrafast transfer of excitation energy. 

In the case of complex pigment aggregates, such 
as the PS I structure (Jordan et al., 2001), the spec- 
trum of the complete aggregate may be calculated 
by constructing an effective Hamiltonian defined on 



in which the i-th Chi is in its Q y -excited state and all 
the other Clils are in their ground state. For the PS I 
core N would be 96. Using this basis the effective 
Hamiltonian can be written as: 
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Here e, denotes the site energy for the Q y state of 
the rth Chi, which must be determined independently. 
In the dipole-dipole approximation the V u in Eq. (3) 
are given by Eq. (1). In the case of the PS I core, the 
absolute values of t{ ] range between zero for the most 
separated Chi pairs to several hundreds of cnr 1 for 
the most strongly coupled pairs (Sener et al., 2002; 
Damjanovicetal.,2002; Gobets etal. ,2003b). In prin- 
ciple, for nearby pigments the Coulombic coupling 
should be calculated using the complete multipole- 
expansionof the electrostatic potential (Scholes et al., 
1999). Furthermore, for closely associated pigments 
an exchange contribution to the coupling should be 
added; however, for Chls at a Mg-Mg distance larger 
than 7 A (which is the distance between the special 
pair bacteriochlorophylls (BChl) in the bacterial 
RC) the Coulombic interaction dominates (Scholes 
et al., 1999). The diagonalization of H 0 leads to new 
energies and new eigenstates for the pigment ag- 
gregate. These eigenstates are linear combinations 
of the local excited states of Eq. (2 ) and therefore 
the excitations are called ‘delocalized.’ In such an 
excitonically coupled system ultrafast relaxation from 
higher excitonic states to lower ones will occur due 
to interactions with the surrounding medium. On a 
slower timescale the exciton may ‘hop’ from one set 
of Chls, contributing to a certain exciton state, to 
another set of Clils. These ‘hopping’ processes are 
often described by the so-called Forster equation that 
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we will discuss below (Van Amerongen et al., 2000; 
Novoderezhkin et al., 2003). 

Photosynthetic proteins exhibit several specific 
pigment binding sites. Pigments in these different 
sites each experience a different interaction with the 
local protein environment and thus the value of the 
site energy ?, 1 varies from site to site. This heterogene- 
ity may result in the appearance of several peaks and 
shoulders in the absorption bands of photosynthetic 
proteins. An example of a spectrum displaying both 
fine structure due to local site energies, andexcitonic 
interactions is the low temperature absorption spec- 
trum of the Fenna-Matthews-Olson (FMO) complex 
of the green bacteria ( Wendling et al. , 2002). In addi- 
tion, pigment-proteins are intrinsically disordered due 
to small variations in their structure. Some of these 
fluctuations are so slow that they can be considered 
as static. This implies that the energy of each of the 
specific pigment-binding site is distributed by an 
inhomogeneous distribution function (IDF), usually 
a Gaussian. Other fluctuations are fast, for instance 
vibrations of the pigments or phonons (low frequency 
vibrations of the surrounding protein matrix), which 
are coupled to the optical transition and this results 
in the homogeneous lineshape, which is frequently 
assumed to be similar for all the pigments. 

Thus the linear absorption spectrum of an ensemble 
of pigment proteins reflects the convolution of the ho- 
mogeneous lineshape of an individual protein-bound 
pigment with the IDF (referred to as the ‘ensemble 
average ’ ), and these spectra are thus broader than the 
homogeneous lines. The (narrow) homogeneous line- 
shapes can only be resolved by special spectroscopic 
techniques such as single molecule spectroscopy 
(Van Oijen et al., 1999) and spectral hole-burning 
(Jankowiak et al., 1993). 

The spectroscopic properties of a pigment protein- 
ensemble can be modeled by assuming that the site 
energies e, can be randomly selected from the IDF. 
Then for each selected set of values for e i the spectro- 
scopic properties are calculated by diagonalizing the 
relevant Hamiltonian. The thus obtained stick spectra 
are then dressed with the homogeneous lineshapes. 
By repeating this process many times (typically 1 0 5 ) 
the ensemble averaged spectra are obtained ( Durrant 
et al., 1995; Van Amerongen et al., 2000 ). 

B. Forster Energy Transfer in Photosynthetic 
Systems 

If the disorder energy exceeds the excitonic coupling, 



the excitations may effectively be considered as lo- 
calized on only a small number of pigments. If the 
interaction energy is much smaller than the disorder, 
excitations are truly localized on individual Clil mol- 
ecules. In this case the energy transfer dynamics can 
be described using the Forster equation. The Forster 
rate of excitation energy transfer, W DA , from a donor 
D with fluorescence emission spectrum f D (v) to an 
acceptor A with absorption spectrum £/v) is given 
by (also see discussion in Chapter 4, Clegg): 



W n .= 8.8 • 10 17 •-*- ■ ■ 

DA n 4 R 6 



where (v) is the frequency in wavenumbers (cm" 1 ), 
is the radiative rate of the donor D, n the refractive 
index of the medium, k 2 the orientation factor in the 
expression for the excitonic coupling (Eq. 1) and R the 
center-to-center distance between D and A. It is not 



difficult to recognize the square of the dipole-dipole 
interaction as given by Eq. (1) in the expression for 
the Forster rate of excitation energy transfer, wMle 
the integral (commonly referred to as ‘overlap inte- 
gral’) expresses the conservation of energy during 
the process. The Forster equation is often given in a 
somewhat more compact form: 



w 

DA n A R 6 ’ 



C = 8.8 ■ 10 17 k D ■ f ' ' 

D 7 J 



For CM a — Chi a, CM b -* CM a and CM b CM b 
energy transfer the following values have been calcu- 
lated from the room temperature spectra: C w = 32.26 
ps 'nm 6 , C ba = 9.61 ps~ l nm 6 and C bb = 14.45 ps~'nm 6 
(Gradinaru et al. , 1 998). For pigments at a distance of 
about 1 nm and taking n = 1 .5, it is immediately clear 
that Forster energy transfer can easily take place on a 
time scale of (sub) picoseconds. However, if the rates 
are faster than 1 ps" 1 the assumptions underlying the 
Forster equation such as the use of the fully relaxed 
donor emission spectrum may no longer apply. In 
systems that are partly ‘excitonic’ and partly ‘local- 
ized’ a Forster-like expression can be used to describe 
the rate of energy transfer from a localized state into 
the excitonic manifold, but care should be taken to 
calculate the overlap integral correctly (Mukai et al., 
1999; Scholes and Fleming, 2000; Van Amerongen 
et al., 2000). Examples are the B800 (localized) to 
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B850 (excitonic) energy transfer in the peripheral 
light-harvesting complex LH2 of purple bacteria and 
the Chi b to Chi a energy transfer in LHC II. 

C. Trapping of Excitations by the Reaction 
Center 

The importance of the Forster equation is that it 
relates the rate of energy transfer to parameters that 
are available from experimental spectroscopic and 
structural studies. It allows for the calculation of all 
pairwise energy transfer rates and thus the complete 
set of kinetic equations can be constructed. If the 
time-dependent probability to have an excitation 
on site n is given by p n , then its time dependence 
is given by: 

^T = y^p m ° r in matrix form ^ = Wp (6) 

dt tt dt 

in which W nm is the transfer rate from pigment m 
to pigment n (n*m) and W nn is the total rate away 
from site n. given by: W =(-W ) . W„ is 

’ ° J nn v n / -j mn / n 

a deactivation rate due to fluorescence, intersystem 
crossing and internal conversion and in the case of 
the Chls involved in charge separation it includes the 
rate of electron transfer (note that in a case where 
intermediate charge separated state occurs that is 
sufficiently high in energy to cause a significant 
remaining excited state population, this radical pair 
state can be included as a separate state in addition 
to all the localized excited states). One can calculate 
the N negative eigenvalues A n of the matrix W, and 
each eigenvalue corresponds to an exponential decay 
process. The associated amplitudes depend on the 
initial excitation conditions, and can be negative 
(rise) or positive (decay) for each p n . By assigning 
emission spectra to each of the N Chls one can cal- 
culate the decay associated spectra (DAS) for all the 
decay components (Gobets et al., 2003b). Of course 
in a real experiment on a complex system like the 
PS I core one cannot hope to resolve all the (96 for 
a PS I monomer!!) decay components. Modeling 
shows that a large fraction of the A n ’s is very fast, 
that the A n ’s are densely spaced and that many of the 
decay components carry only a small amplitude. 
Typical time-resolved fluorescence experiments are 
performed with an instrument response time of 30 ps 
(single-photon-timing), 3 ps (streak camera) or 100 
fs (fluorescence upconversion). Only with a streak 



camera one measures a broad spectral range. Com- 
bining, for instance, upconversion and streak camera 
results, at most 5 or 6 DAS’s can be resolved in PS I 
cores (Gobets et ah, 2001a; Kennis et al., 2001 ). 

We will briefly discuss the general nature of the 
events that take place following light absorption by 
a photosynthetic system and how these are reflected 
in the fluorescence. The fastest events correspond 
to single energy transfer steps between neighbor- 
ing Chls. These are only detectable with the fastest 
fluorescence method, fluorescence upconversion (Du 
et al., 1993; Kennis et al., 2001) or in femtosecond 
transient absorption. Since these single energy 
transfer steps generally occur between pigments with 
nearly identical spectroscopic properties, anisotropic 
measurements are generally required to resolve them. 
On a (sub- ) picosecond time scale the energy equili- 
brates among a (local ) set of ‘bulk’ antenna Chls that 
constitute the major absorption peak. This process 
typically requires a (small) number of single energy 
transfer events. Although ‘spectrally’ the fluorescence 
is relaxed, this by no means implies that the excita- 
tion has ‘spatially’ visited all the bulk Chls. Slower 
events reflect the equilibration between the bulk Chls 
and for instance a red-shifted pool of Chls, such as 
in the PS I core. In the PS I core such processes take 
several picoseconds, depending on the number of red 
Chls and their location, and require a large number of 
single energy transfer events. These relatively slow 
equilibration processes compete with the transfer of 
excitations to the site where charge separation and 
the actual trapping occur. 

The slowest eigenvalue represents the overall trap- 
ping process of the system, i.e. the rate at which the 
excitations disappear. Although apparently ‘simple,’ 
this time constant also represents a complex combina- 
tion of events. The trapping process is characterized 
by a ‘first passage time’, which reflects the average 
time the excitation needs to visit the site of charge 
separation for the first time. Here the excitation may 
either be trapped due to charge separation, or escape 
and try again. This process repeats itself until all exci- 
tations have disappeared, either by charge separation 
in the RC (the majority) or by loss processes (such as 
fluorescence, only a small fraction). Again it requires 
a physical model to extract relevant parameters such 
as the rate of charge separation and the escape prob- 
ability from the experimental data. An analytical 
expression for the slowest time constant in the system 
has been found by solving Eq. (6) (Pearlstein, 1982; 
Kudzmauskas et al., 1983; Somsen et al., 1996; Van 
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Grondelle and Somsen, 1999), resulting in an expres- 
sion for the trapping time x, consisting of a sum of 
three contributions: 

x = x + x ■ +x,, 171 

in which x Mp represents the trapping time by the 
reaction center, x dd represents the delivery of the 
excitation energy to the reaction center and x mig 
represents the migration of the excitation energy in 
the light-harvesting antenn a . In first approximation 
one may view the process of trapping as a sequential 
set of events, migration, delivery and trapping each 
requiring their own amount of time (note that the event 
of trapping can still be a complex process, involving 
escape, revisit and charge separation). When either 
x tap , x del orx mig dominates the overall expression (i.e., 
represents the slowest process), the decay kinetics are 
said to be ‘trap-limited,’ ‘transfer-to-the-trap-limited’ 
or ‘diffusion-limited,’ respectively. 

In the case of trap-limited kinetics, charge sepa- 
ration is much slower than all the energy transfer 
events. In this case, x ~ x Mp and depends only on 
the rate constant of primary charge separation (k RC ) 
and the equilibrium excited-state population of the 
primary donor (p eq ): 



(^ap)~ l = Kc Pe q With P eq 




fjtC G j 

k B T 



-i 



( 8 ) 



in which e RC and £ represent the excited state ener- 
gies of the primary donor and of site i, respectively, 
T is the absolute temperature and k B is the Boltzmann 
constant. Within the context of this model, the overall 
lifetime increases when the antenna size increases, 
because the probability to find the excitation on the 
primary donor decreases accordingly. 

In Eq. (7) the delivery term, x del , becomes important 
when transfer between the antenna and the primary 
donor is significantly slower than energy transfer 
between the antenna pigments. In case the excited- 
state energies of the delivery and other antenna Chls 
are approximately equal, x^is given by (see Somsen 
etal., 1996): 



x 1 1 Jt 1 

z k n h z k n 



( 9 ) 



Here k D is the rate of excitation energy transfer from 
a delivery site or linker Chi to the RC, k h is the rate 
of energy transfer between neighboring pigments (in 
the case of a regular lattice of antenna pigments), z 
is the number of linker Chls and x is the number of 



Chls in the antenna (including the linker Chls). 

The migration time x mig in Eq. (7) is often called 
the ‘average first passage time’ and reflects the aver- 
age time for an excitation to reach the site of charge 
separation for the first time (Pearlstein, 1982; Kudz- 
mauskas et ah, 1983; Somsen et al., 1996), at least 
in the case when x M can be ignored. Otherwise, the 
average first passage time is equal to the sum of x mig 
and x del . x mtg will dominate Eq. (7) when the rate of 
charge separation is much faster than the (average) 
rate of energy transfer k h (and k D is not slower than 
k h ), and the entire charge separation process becomes 
migration- or diffusion limited. For a regular light- 
harvesting antenna structure with dimension d( 1,2,3) 
and size N, x mig can be expressed as: 

x m . =0.5 Nf d (N)k h l (10) 

The structure function f d (N) is of the order of unity 
(0.5 < f d (N) < 1.0) for an antenna-RC complex con- 
taining many tens to several hundreds of pigments, 
and as a rough approximation f/N) can be considered 
independent of the number of pigments within this 
range. Thus for PS I with N » 100, x mig ~ 2-5 ps. For 
PS II, where the slow transfer from complex to com- 
plex largely determines the hopping of the excitation, 
x mjg may be significantly longer. 

II. Transfer and Trapping of Excitations in 
Photosystem (PS) I 

A. Overview of the Pigment Organization and 
Spectroscopy 

1. The PS I core 

The PS I core is a large pigment-protein complex 
consisting of 1 1-13 protein subunits (Scheller et al., 
1997), the largest of which, PsaA and PsaB, form a 
heterodimer to which the majority of the core antenna 
pigments (Chls and carotenoids), as well as most of 
the reaction center co-factors (the ‘RC’) are bound. 
A high-resolution structure has been obtained for 
the PS I core of the cyanobacterium Synechococcus 
elongatus (Jordan et al., 2001) and 96 Chls and 22 
P-carotenes have been identified in the structure. The 
RC-pigments are organized in two C2-symmetric 
branches located in the heart of the complex, and 
evidence has been presented that charge separation 
may proceed along both branches (Guergova-Kuras 
et al., 2001; Hastings and Sivakumar, 2001). It is 
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generally accepted that a strongly coupled dimer 
of Clils at the junction of the two branches, called 
P700, (named after its absorption peak in nm) is the 
primary electron donor. Most of the antenna Clils 
are arranged in a densely packed, bowl-like structure 
surrounding the ‘RC;’ the average center-to-center 
distance between these antenna Clils is about 10 A. 
However, most of the antenna pigments are more 
than 20 A away from the RC -pigments, apart from 
two ‘li n ker’ pigments at 14 A that seem to con- 
nect the antenna with the RC. The more peripheral 
antenna pigments of PS I are arranged in a stromal 
and lumenal layer, analogous to what is observed 
for the PS II core antenna proteins CP43 and CP47 
(see below). In plants PS I is monomeric, while PS I 
from cyanobacteria can be obtained as monomers or 
trimers, which are both equally efficient in energy 
transfer and charge separation. In membranes prob- 
ably a dynamic equilibrium exists between the two 
forms, which is regulated by, for instance, the salt 
concentration (Kruip et al., 1994). 

2. Light- Harvesting Complex (LHC) I and 
PS 1-200 

In plants a peripheral antenna complex, Light-Har- 
vesting Complex I (LHC I) is attached to the PS I core; 
the latter is generally assumed to be structurally very 
similar to that of S. elongatus. LHC I is composed of 
four different proteins, Lhca 1 -4, with molecular mass- 
es ranging from 20 -24 kDa, and which are thought to 
be present in approximately equal amounts (Jansson, 
1994). Lhcal and Lhca4 form a heterodimer; Lhca2 
and Lhca3 may form homo- or heterodinrers. Each 
Lhca most likely contains eight Chi a, two Chi b and 
two carotenoids (Croce and Bassi, 1998). The Lhcal-4 
proteins show a high sequence homology to the minor 
PS II light-harvesting complex CP29, and also the 
pigment-protein stoichiometry is similar for both 
complexes. Consequently, structural models proposed 
for CP29, based on the LHC II structure may also 
apply to LHC I. Electron microscopy data indicate 
that in total about 3-4 or maybe 5 LHC I dimers 
are attached to the PS I monomer to assemble into a 
complex, which contains a total of 170-200 Clils and 
which is designated PS 1-200 Electron microscopy 
data indicate that all the LHC I dimers are located on 
one side of the complex (Boekema, 2001). 

3. Red Pigments in PS I 

A conspicuous property of PS I is the presence of 



so-called ‘red pigments’. For earlier discussions, 
see Govindjee et al. (1986). Typically the absorption 
spectrum of PS I cores extends to wavelengths much 
longer than 700 nm, which is the Q y absorption peak 
of the primary electron donor P700. For instance the 
core of PS I of S. elongatus exhibits two red peaks 
in its low temperature absorption spectrum: one at 
708 nm (C708) and a second one at 719 nm (C719), 
(Palsson et al., 1996) most likely originating from 
~3 Chi dimers and one trimer of Clils, respectively 
(Gobets et al., 2003b). These ‘red’ pigments are 
largely responsible for the red-shifted emission 
spectra of PS I cores observed at low temperature. 
At room temperature the absorption spectra of C 70 8 
and C719 (Chi a species absorbing at 708 and 719 
nm, respectively) are blue-shifted to 702 nm and 
708 nm, respectively (Gobets et al., 2001b). Also 
the LHC I contains ‘red’ pigments. The Lhcal/4 
heterodimer exhibits a red-shifted emission m a xim u m 
at 730 nm at 77K, and is therefore held responsible 
for the F735 emission of PS I of plants observed at 
low temperature. Recently a specific emission band 
at 702 nm was attributed to hetero/homo dimers of 
Lhca2/3 (Ihalainen et al., 2000). 

Because of the extreme red shift and the strong 
electron-phonon coupling that was found for the 
red Clils, it was proposed that the red Clils represent 
strongly coupled dimers or larger aggregates of Chi, 
rather than monomers (Gobets et al., 1994). 

The biological function of these red pigments is 
most likely to extend the spectral capacity of photo- 
synthesis (Trissl et al., 1993). Below the first layers 
of leaves the spectral composition of solar light is 
very much dominated by wavelengths longer than 
700 mil. A calculation shows that under those con- 
ditions red pigments may easily contribute >50 % 
to the light-harvesting capacity of a photosynthetic 
system, in spite of their relatively low abundance 
(Rivadossi et al., 1999). 

B. Energy Transfer and Trapping in the PS I 
core 

1. Time-Resolved Spectroscopy 

The core antenna of PS I is intimately bound to the 
PS I reaction center and consequently time-resolved 
experiments on native PS I have to be performed on 
systems with a large number (about 100) of Clils 
all connected via efficient energy transfer. This im- 
poses strict limitations on pulse intensities and pulse 
repetition rates to avoid non-linear contributions to 
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the excited state decay due to singlet-singlet or sin- 
glet-triplet annihilation (Gobets and Van Grondelle, 
2001). And even if experiments are performed very 
carefully, the details of the processes that can be 
distinguished are limited. In an antenna-RC complex 
with 96 Chls in principle 96 lifetimes are expected, 
but in reality one can at best discern a small number 
of (average) kinetic events. During the past decade, 
PS I complexes of a wide variety of species have 
been studied using (sub-) picosecond time-resolved 
techniques, including pump-probe, single photon 
as well as timing, fluorescence upconversion with 
the use of a synchroscan streak camera. For most of 
these PS I cores it was found that the trapping time 
was in the few tens of picoseconds range (Owens 
et al., 1987; Holzwarth et al., 1993; Hastings et al., 
1995; Turconi et al., 1996; Karapetyan et al., 1997; 
Savikhin et al., 1999; Melkozemov et al., 2000b; 
Gobets et al., 2001b, 2003b), and increasing for 
systems that contained an increasing complement of 
red pigments: Synechocystis and plant cores: 22 ps, 
Synechococcus : 36ps,Spirulina: 51 ps. In addition to 
these ‘slow’ trapping times a number of faster events 
could be distinguished that all reflected various stages 
of equilibration. Here we will summarize the results 
obtained for cores of S. elongatus using a combina- 
tion of fluorescence upconversion and synchroscan 
streak camera. 

To study the exciton transfer dynamics, trimeric 
cores of S. elongatus were excited with 1 00 kHz, 200 
fs laser pulses from an amplifiedTi:Sapph laser, h exc 
= 400 nm. The pulse energy was attenuated such that 
with each laser pulse only about 1 out of each 400 
Clils was excited. One streak image covered a wave- 
length range of 3 1 5 nm and for the data analysis this 
was typically divided into 30-60 traces. An example 
of such a dataset is shown in Fig. 1A, while Fig. IB 
shows the decay associated spectra (DAS) extracted 
from this data set. A fast (< 1 ps) ingrowth of fluo- 
rescence shows the fast Soret-^* Q y relaxation. For 
cores of S. elongatus, which contain two red spectral 
forms, C708 and C719, two distinct energy transfer 
components of 3.8 ps and 9.6 ps can be distinguished 
(Fig. IB, dashed and double-dot-dashed). The 3.8 ps 
equilibration component exhibits a DAS, which 
shows the equilibration between bulk PS I Clils and 
C708 (at room temperature maximal absorption is at 
702 nm). The spectrum is more or less conservative, 
indicating that in the trimeric core of S. elongatus the 
amount of trapping occurring with the 3.8 ps time 
constant is negligible. In contrast, the 9.6 ps DAS is 



highly non-conservative and basically consists of a 
broad positive contribution peaking around 700 nm. 
This spectrum reflects the fact that during the 9.6 
ps process both trapping and further equilibration 
between the bulk/C708 and the C719 pools of Clils 
is taking place. 

2. Modeling Energy Transfer and Trapping in 
the PS I core of Synechococcus elongatus 

Gobets et al. (2001b ) studied a variety of PS I cores 
and were able to model the fluorescence spectral 
dynamics of all using essentially the kinetic model, 
shown in Fig. 2. The model includes ultrafast relax- 
ation from the Soret to the Q y region, followed by 
relaxation between the various pools of Chls (bulk, 
C708, C719) and trapping. An important result of 
the kinetic modeling was that a trapping time of 18 
ps could be estimated for a hypothetical PS I core 
without ‘red’ pigments. All the earlier attempts to 
understand energy transfer and trapping in PS I on 
the basis for instance of lattice models (Owens et al., 
1987; Jean et al., 1989; Beauregard et al., 1991; Jia 
et al., 1992; Trinkunas et al., 1994, 1996a, b; Laible 
et al., 1994) suffered from the problem of locating 
the red pigments. Fig. 3 shows which combination 
of the charge separation time and (average) single 
site lifetime (defined as the time it takes to ‘hop’ 
away from a certain pigment) result in this 18 ps 
trapping time of a PS I core ‘without red pigments’ 
in a Forster calculation using the structural model 
Realistic estimates for the single-site lifetime (x ss ) 
and the charge separation time (x cs ) are 150 fs and 1 
ps, respectively (note that it is assumed that charge 
separation may occur from both Chls in P700). The 
(almost) linear relation between x ss and x cs could be 
explained using a relatively simple perturbed two- 
level model. This model led to an estimation of the 
first passage time (fpt) of about 8.5 ps (Gobets et al., 
2003a). This implies that on the average an excitation 
is trapped on the second visit to the RC. The value of 
the fpt is almost identical to the average time needed 
for an excitation to reach one of the two red Chi pools 
in S. elongatus (Gobets et al., 2001b), corroborat- 
ing experimental evidence that these two processes 
compete in an approximately 1 : 1 ratio. 

The probability of an excitation escaping from 
the RC after reaching it for the first time is about 
50% but most of these excitations are trapped on 
subsequent revisits. Making the bulk antenna inho- 
mogeneous has some effect on these parameters (for 
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Fig. 1. (a) Typical streak camera data set: normalized kinetic traces obtained for 400 nrn excitation of Synechococcus trimeric PS I 
cores, as used in the global and target analyses. Measurements shown for fluorescence for 626-785 nm. Solid lines represent the data, 
dashed lines the fit (difficult to see because of the good fit). Note that the scale is linear between 10 ps and + 10 ps, and logarithmic at 
later times, (b) Decay-Associated Spectra of fluorescence decay of trimeric PS I cores of Synechococcus elongatus (see insert for more 
detailed legend for the various components). 
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Fig. 2. Compartmental model describing the kinetics of different cyanobacteria 1 PS I core particles upon excitation at 400 nm. Red 1 
represents the pool of chlorophylls absorbing at 708 nm and Red 2 the pool of chlorophylls at 719 nm. Free represents some uncon- 
nected chlorophylls. 




Fig. 3. Combinations of the charge-separation time x cs and the 
average single-site lifetime t w that result in a longest lifetime of 
18ps in PS I modeled with a homogeneous antenna. 



instance the probability of escaping increases), but 
the general conclusions remain unchanged. To com- 
pare the estimated value of t ss with an experiment, 
the polarized fluorescence of PS 1 cores was studied 
using fluorescence upconversion (Du et al., 1993; 
Kennis et al., 2001). The anisotropy decay showed 
a major component of ~150 fs, most likely reflect- 
ing the decay in polarization due to a single energy 
transfer step in the bulk antenna and consistent with 
the modeling result. Another important conclusion 
that follows from the kinetic model shown in Fig. 2 



is that trapping (and thus transfer to the RC) takes 
place both from the bulk Chls and from the red Chi 
pools. Comparing the trapping rates relative to the 
spectral overlap of their emission with the absorp- 
tion spectaim of P700 indicated that the red Chls in 
the C708 pool are neither close to the RC nor very 
distant. For the C719 Chls a more distant location 
could not be ruled out. 

Having accurate estimates for r ss and the charge 
separation rate, k co the only thing that is required to 
calculate the dynamics of the PS I core of S. elongatus 
is to assign the C708 and C7 1 9 pools in the structure. 
Since the red pigments are thought to consist of di- 
mers or larger aggregates of Chls, strongly coupled 
Chi aggregates in the structural model are the prime 
candidates for these pools. There exist various pos- 
sible choices for the dimers (Jordan, 2001; Gobets et 
al., 2003b; Sener et al., 2002); assigning any triplet 
combination of these dimers to the C708 species 
gave good results. In contrast, the C7 19 species was 
best represented by the trimer consisting of the Chls 
designated as aC-B31, aC-B32 and aC-B33. Any 
other choice could not reproduce the distinct 10 ps 
equilibration phase. 

Figure 4 shows the amplitudes of the contribu- 
tions to the DAS-es of each of the five pools of Chls 
( bulk, C708, C7 1 9, P700 and A 0 ; A 0 is a pair of Chi a 
monomers, and the primary electron acceptor of PS I ) 
for each of the 96 lifetimes in the system (note the 
logarithmic time-base of Fig. 4). Remarkably, only 
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Fig. 4. Amplitudes of the Decay-Associated Spectra of all 96 lifetimes occurring in the simulation of Synechococcus elongatus , for 
excitation at 400 nm. Pools: C680 (O), C708/C702RT (□), C719/C708RT ( ), P700 ( f ). ami A (1 (x). Note the four distinct dominant 
lifetimes that occur, i.e. 37.5ps, 10.9ps, ~3ps, and <1.5ps. The dashed vertical lines mark the lifetime intervals over which the DAS-es 
wen.' summed to obtain the simulated DAS-es. 



a few (clusters) of the 96 lifetimes correspond to 
DAS-es with significant amplitude. Four clusters of 
lifetimes dominate the dynamics of the system for all 
excitation conditions: 3 7.5 ps, 1 0.9 ps, -3 ps and <1.5 
ps. First of all we note the excellent correspondence 
between the lifetimes from the modeling with those 
from the experiment. Secondly, the spectrum of the 
35-38 ps component is independent of the excitation 
wavelength, consistent with the experimental trapping 
spectrum (Gobets et al., 2003b). Note that the ampli- 
tude of this spectrum does depend on the excitation 
wavelength due to the fact that there is significant 
non-equilibrium trapping upon bulk excitation, but 
much less when the red pools are excited. Thirdly, 
the 1 0.9 ps component clearly reflects energy transfer 
between the bulk/C708 pools and C719, while the 
group of ~3 ps components mainly display energy 
transfer between bulk and C708. Finally, the ampli- 
tudes of the <1 .5 ps components are small, since they 
are associated mainly with transfer within the bulk 
pool, and thus do not lead to spectral changes. The 
sum of the large number of ultrafast components, 
however, does show a significant amount of equilibra- 
tion between the bulk and red pools, especially for 
selective excitation of the red Chls, consistent with 
the (sub)-picosecond components that were found 
for such excitation conditions (not shown here, see 
Gobets et al., 2003b). Using the emission spectra for 



the various spectral forms extracted from these data 
in combination with the kinetic model (for details, 
see Gobets et al., 2003b) one can reconstruct the 
DAS-es of each of the four lifetime components. 
Notably, the very non-conservative character of the 
10 ps component is reproduced in the simulation. 

Assignment of the Chi trimer to C7 1 9 was essential 
in reproducing the 1 0 ps equilibration component. The 
use of any of the dimers (either alone or in combina- 
tion with another dimer) to represent C719 did not 
result in a distinct separation of a ^10 ps transfer 
component from the faster ones. It thus appears that 
C719 needs to be located in one single cluster in the 
periphery of the antenna. The assignment of the Chi 
trimer to the C7 1 9 pool is supported by structural and 
biochemical data for S. elongatus and Synechocystis 
PCC 6803, where PS I of the latter organism lacks 
C7 19. The lumenal loop in PsaB, which stabilizes the 
Chi trimer in S. elongatus, is shorter in Synechocystis ; 
subunit PsaX, which interacts with one of the Chls of 
the trimer, is probably not present in Synechocystis , 
and the axial ligand to aC-B31 (His-B740) is not 
conserved in Synechocystis. Therefore the presence of 
a Chi trimer like in PS 1 of S. elongatus is unlikely for 
Synechocystis PCC 6803 PS I (N. Krauss, P. Jordan 
and P. Fromme, personal communication). 

It has been speculated that the linker-Chls aC-A40 
and aC-B39 play a bridging role in energy transfer 
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from the antenna to the RC. (Jordan et al., 2001). 
However, a simulation of the excitation transfer, 
where these linker-Chls were removed, showed that 
the dominant lifetimes were only slightly increased. 
For instance the trapping time was slowed down by 
only 2%. Therefore it is concluded that the linker- 
Chls do not perform a special role in light-harvesting 
in PS I. 

C. Energy Transfer and Trapping in LHC I 
and PS 1-200 

The main function of LHC I is to absorb light and 
transfer the excited state energy to the core of PS I. A 
unique property of LHC I, in comparison to LHC II 
and the minor antenna complexes of PS II, is the 
presence of red forms of Chi a absorbing in the 
wavelength region of 695-705 nm and emitting at 73 0 
nm in the Lhcal/Lhca4 heterodimer (Jansson, 1994) 
and at 702 nm in Lhca2/Lhca3 homo/heterodimers 
(Ihalainen et al., 2000 ). These red forms are expected 
to significantly affect the energy transfer properties of 
LHC I. The excited state decay in a mixture of isolated 
dimers of LHC I was investigated using fluorescence 
upconversion and a synchroscan streak camera (Go- 
bets et al., 200 1 a), while the reconstituted monomeric 
Lhca4 and the heterodimer Lhcal/Lhca4 were studied 
with single photon counting and transient absorption 
(Melkozemov et al., 1998, 2000a). 

In the dimers of LHC I the energy transfer from the 
carotenoid excited S 2 states to predominantly Chi a 
was found to take place within 150 fs; it is unknown 
whether the S, state is involved in slower energy 
transfer. Energy transfer from Chi b to Chi a occurs 
with two distinct lifetimes, 0.5 ps and 2-3 ps. The 
0.5 ps component mainly reflects energy 
transfer to the bulk Chi a, whereas the 2-3 ps com- 
ponent may also account for direct energy transfer 
from Chi b to the special red-shifted Clil a forms. 
Equilibration between the bulk Chi a and these red- 
shifted Chi a forms displays various lifetimes ranging 
between 4-8 ps, while a slower phase occurs with 
about 20 ps. Since the 4-8 ps component was also 
observed in monomeric Lhca4 (Melkozernov et al., 
2000a), while the slower phase only appeared in the 
heterodimer, the 4-8 ps phase probably reflects intra- 
monomer equilibration, while the 20 ps component is 
energy transfer between the two monomers. Figure 5 
summarizes the energy transfer pathways in LHC I. 
The fluorescence of these LHC I dimers decays 
bi-exponentially. The largest fraction of excitations 



(75-80%) decays with a 3 ns time constant, which 
is attributed to the Lhcal/Lhca4 heterodimer and a 
homodimer of either Lhca2 or Lhca3, whereas the 
remaining fraction, which decays in 0.6 ns, is assigned 
to the remaining homodimer. 

Large PS I particles show an average fluorescence 
decay time of about 80 ps (van Grondelle et al., 1994). 
Faster phases were ascribed to equilibration. A full 
global analysis of the room temperature fluorescence 
decay of pea chloroplasts, recorded at a variety of 
wavelengths, led to the assignment of a 10-20 ps 
phase to equilibration, followed by a 80-120 ps trap- 
ping process in PS I. A recent streak camera study 
of PS 1-200 of Arabidopsis thaliana gave lifetimes 
of 5, 15, 50 and 120 ps (Ihalainen et al., 2002). The 
5 and 1 5 ps phase could at least in part be attributed 
to the excitation equilibration between bulk and red 
Chi forms, though the 15 ps phase also contains a 
contribution from non-equilibrium trapping, simi- 
lar to the 10 ps phase observed in the PS I cores of 
Synechococcus. The 50 and 120 ps phases have 
all-positive spectra and correspond to the trapping 
of the excitations. Very similar kinetics have been 
reported for PS 1-200 from maize (Croce et al., 2000) 
and spinach (Turconi et al., 1994 ). A straightforward 
explanation for the two phases could be that the 50 ps 
phase, which peaks at 720 nm, reflects the trapping 
from the PS I core, while the 120 ps phase, which 
peaks above 725 nm contains a large contribution 
from the peripheral antenna LHC I, in particular from 
Lhcal/Lhca4 (Ihalainen et al., 2002). 



III. Transfer and Trapping of Excitations in 
PS II 

A. Overview of the Pigment Organization and 
Spectroscopy 

Photosystem II (PS II) is a large supramolecular 
pigment-protein complex embedded in the thylakoid 
membranes of green plants, algae and cyanobacteria. 
Its major task is to collect light energy and to use 
this for the reduction of plastoquinone, the oxida- 
tion of water and the formation of a transmembrane 
pH gradient. It consists of at least 29 different types 
of protein subunits, many of which are intrinsically 
bound to the thylakoid membrane. The high redox 
potential of P680 + , the oxidized primary electron 
donor, implies that in PS II more energy will be 
stored in the charge-separated products than in any 
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Fig. 5. Scheme of energy-transfer pathways in LHC I. Dashed lines indicate pathways which presently cannot be decided upon based 
on the available data. 



other photosystem ( Diner and Babcock, 1 996; Barber, 
2002: Diner and Rappaport, 2002; Van Amerongen 
and Dekker, 2003). Of all known primary electron 
donors P680 absorbs at the shortest wavelength and 
creates the shallowest trap of excitation energy within 
its antenna (Jennings et al., 1 993ab; Van Grondelle et 
al., 1 994). This implies that at physiological tempera- 
tures the excitations are not localized on P680, and 
that the overall time for the trapping of the excitation 
energy will be relatively long. 

1. The PS II Core 

The pigment-binding proteins in the PS 1 1 core are the 
D 1 D2 RC complex, flanked by the two light-harvest- 
ing Chi protein complexes CP43 and CP47. Pigment 
organization in the PS 1 1 core is rather different from 
that in PS I. X-ray diffraction of three-dimensional 
crystals of the PS II core from S. elongatus revealed 
a large number of transmembrane a-helices, 32 Chi 
and 2 pheophytin a molecules (Zouni et al., 200 1 ). The 



two carotenoids, known to be present in the D 1 D2 RC 
complex, were not observed by Zouni et al. In PS II, 
in contrast to PS I, light-driven charge separation is 
associated with a specific pigment-protein complex, 
D1D2, where D1 and D2 are homologous to the L 
and M polypeptides of the bacterial RC (Michel and 
Deisenhofer, 1988). The electron transfer cofactors 
in D 1 D2 are arranged like those of the bacterial RC, 
with the exception of the special pair, for which the 
center-to-center distance is significantly larger. In 
addition, D1 D2 binds two Chls at its periphery. The 
isolated D 1 D2 RC complex has been investigated in- 
tensively since its first purification (Nanbaand Satoh, 
1987) and its spectroscopy is very well characterized 
(see a review by Dekker and Van Grondelle, 2000). 
All six central pigments absorb around 675-685 nm, 
while the two peripheral Chls absorb around 670 nm 
( Dekker and Van Grondelle, 2000; Diner and Rappa- 
port, 2002 ). D 1 D2 clearly lacks a specific absorption 
band that can be assigned to the ‘special pair’ and this 
has led to so-called ‘multimer’ models for the PS II 
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RC (Durrant et al., 1995; Greenfield et al., 1999). It 
is unknown how charge separation starts in D1D2. 
Various studies point to the ‘monomeric’ Chi in the 
active branch of D1D2 (the equivalent of B A in the 
bacterial RC) as the probable primary donor (Van 
Brederode and Van Grondelle, 1999; Diner et al., 
2001; Diner and Rappaport, 2002). The CP43 and 
CP47 are core antenna proteins (Hankamer et al., 
1997a; Rhee et al., 1997, 1998; Zouni et al., 2001). 
Both have three pairs of transmembrane helices which 
bind about 14 Chi a ’ s and 2-3 (3-carotenes (Bricker 
et al., 1990; Zouni et al., 2001). The 4 A structure 
of the core of PS II shows that both in CP43 and in 
CP47 the Clils are arranged in a stromal and a lumenal 
layer, very much similar to the peripheral part of the 
PS I core antenna (Jordan et al., 2001). The center- 
to-center distances between the Clils range between 
8.5 and 13.5 A (Rheeetal., 1998; Zouni etal., 2001). 
Remarkably, the smallest distance between any of the 
CP43 and CP47 Clils and the pigments in D1D2 is 
>20 A, while most of the Clils are much more distant. 
Purified forms of CP43 and CP47 were found to be 
spectroscopically quite similar: CP43 exhibits a low 
temperature absorption spectrum with a remark- 
ably sharp band at 682.5 nm (Breton and Katoh, 
1987; Groot et al., 1999; Jankowiak et al., 2000; De 
Weerd et al., 2002). The red-most absorption band 
of CP47 is at 690 mn, whose transition moment is 
perpendicularly oriented to the plane of the membrane 
(Van Dorsen et al., 1987) and is responsible for the 
well-known F695 emission of plants (Dekker et al., 
1995; Govindjee, 1995 for a historical review; Groot 
etal., 1995; Den Hartog etal., 1998).Inthethylakoid 
membrane of plants and cyanobacteria PS II occurs 
as a dimer organized in so-called supercomplexes 
(see below). A supercomplex contains, in addition 
to the dimeric PS II core, two copies of each of the 
minor Chi protein complexes CP24, CP26 and CP29 
and a variable number of LHC II trimers (Boekema 
et al., 1995; Hankamer et al., 1997ab; Boekema et 
al., 1999a,b). 

2. LHC II 

Most of the pigments in PS II are bound to the major 
peripheral antenna complex LHC II. In grana there are 
about 4 LHC II trimers per PS II core. LHC II trimers 
are composed of three very similar proteins, encoded 
by genes Ihcbl, lhcb2 and lhcb3, which usually occur 
in a ratio of about 8:3:1 (Jansson, 1994). The low- 
resolution structural model of LHC II (Kuhlbrandt 



et al., 1994) shown in Fig. 6 displays large parts of 
the protein backbone, including the three transmem- 
brane a-helices (A, B and C), twelve Clils and two 
luteins (Lut) per LHC II monomer. The identity of 
the Clils (Chi a or Chi b) in the structure could not 
be resolved. The seven Clils closest to the two luteins 
(Lut) were originally attributed to Chi a (labeled A 1 - 
A7 in Fig. 6); the remaining 5 Clils were assigned to 
Chi b (labeled Bl, B2, B3, B5 and B6). On the basis 
of mutagenesis studies most of these assignments 
were later confirmed. Chi Bl is most likely a Chi a 
(Remelli et al., 1999), Chi B3 may be a Chi a (Rogl 
and Kuhlbrandt, 1 999). It was suggested that sites A3 , 
B3, A6 and A7 are ‘mixed’ (Remelli et al., 1999), i.e. 
these sites may bind either Chi a or Chi b. 

The spectroscopy of LHC II has been studied in 
great detail. The Chi a molecules in LHC II absorb 
maximally at 676 nm, while conspicuous shoulders 
occur in the absorption spectrum at 670 and 662 
nm. This spectral structure is largely determined 
by a combination of variation in the site energies, 
excitonic interactions between nearby pigments and 
static plus dynamic disorder. A typical value for the 
static disorder is 120 cm -1 (Reddy etal., 1994; Peter- 
man et al., 1997; Pieper et al., 1999 a,b) while the 
excitonic interactions between the Chi a molecules 
are generally less than 50 cm -1 (Van Amerongen and 
Van Grondelle, 200 1 ). The Chi b have their site ener- 
gies in the 650 nm range. The strongest interactions 
in the Kuhlbrandt model occur between Chi a and 
Chi b pairs. Note that in the current interpretation of 
the structure this may actually involve a-a and b-b 
pairs! In low temperature fluorescence line-narrowing 
experiments the fluorescence arises from at least two 
different Chi a molecules, because the spectra showed 
vibronic C=0 stretch modes of the 13‘-keto group at 
1673 cm -1 (due to a Chi a, which is hydrogen-bonded 
to the protein) and at 1645 cnr 1 (originating from 
a different Chi a, with an even stronger hydrogen 
bond). Two effects explain these results. Firstly, the 
excitations in LHC II are to some extent delocal- 
ized due to excitonic interactions and, secondly, the 
relative contribution of local excited states to these 
low exciton states varies from complex to complex 
due to disorder (Peterman et al., 1997a; Pieper et al., 
1999ab; Novoderezhkin et al., 2003). 

LHC II from dark-adapted plants usually contains 
in addition to Lut, neoxanthin (Neo) and a variable 
amount of violaxanthin (Vio) (Peterman et al., 1997c; 
Ruban et al., 1999). It was concluded that Neo oc- 
cupies a third site near helix C (Croce et al., 1999b). 
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Fig. 6. Structural model of monomeric LHC II. See Color Plate 1. 



A fourth site is probably exclusively occupied by Vio 
(Gruszecki et al., 1999). 

The excitation energy transfer from the xantho- 
phylls and Chi b to Chi a is rather fast (the main part of 
the energy transfer proceeds within 1 ps — see below) 
and therefore most of the excitations are present on 
Chi a during the excited-state lifetime in PS II (on the 
order of several tens to hundreds of ps), which may 
lead to the formation of Chi a triplets. The Lut’s play 
an important role in the quenching of these harmful 
triplets (Peterman et al., 1995), which requires their 
close proximity to Chi a . 

3. The Minor Chlorophyll Protein (CP) Com- 
plexes CP24, CP26 and CP29 

The ‘minor’ complexes CP24, CP26 and CP29 show 
a large homology with LHC II, especially regarding 
the Chi binding sites, and bind approximately 8-10 
Chls (a and b), besides several xanthophylls. They 
also share many spectroscopic properties with LHC II 
(Zucchelli et al., 1994) and their overall folding pat- 
tern is thought to be similar to that of LHC 1 1 (Green 
and Kiihlbrandt, 1995; Sandonaetal., 1998). Together 
the minor complexes bind 15% of the Chls in PS II. 
Therefore, their role in light harvesting seems to be 
less pronounced than that of LHC II, although a role 
in regulatory mechanisms might be important in view 



of their location close to the PS II core. CP29 from 
maize contains six Chi a and two Chi b: sites A 1 , 
A2, A4 and A5 all bind Chi a , while sites A3, B3, 
B5 and B6 are 50/50 Chi a/C hi b. Lut occupies one 
of the carotenoid binding sites while the other site 
has a mixed character and is not crucial for refolding 
(Bassi et al., 1999). 

Most of the Chi a molecules contribute to the ab- 
sorption band around 676 nm with the absorption of 
Chi at site A2 probably at 680 nm ( Bassi et al., 1 999). 
The low temperature fluorescence arises from at least 
three different Chi a molecules (Pascal et al., 2000) 
and, like for LHC II, this is explained by the fact that 
the spacing of the different exciton levels is (much) 
less than the width of the IDF. In the low tempera- 
ture spectra of CP29 two Chi b bands are revealed 
at 638 and 650 nm (Zucchelli et al., 1994; Pascal et 
al. 1999). The assignment of these Chi b bands to 
specific binding sites is as yet unclear. Mutagenesis 
suggests that that the Chi b in the mixed B3/A3 site 
absorbs at 638 nm, while the Chi b in the B5/B6 site 
absorbs at 650 nm. This assignment seems to be at 
odds with the observation that the Chi b at 638 nm 
transfers energy to Chi a in the subpicosecond time 
range, while the Chi b at 650 nm is much slower 
(Gradinaru et al., 1998a; Pieper et al., 2000). 
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4. PS II Supercomplexes 

The largest purified PS II particle is the PS II-LHC II 
supercomplex (BoekemaetaL 1995. 1998. 1999ab, 
2000a; Nield et al.. 2000ab). A supercomplex consists 
of a dimeric PS II core complex, surrounded by the 
minor complexes CP24, CP26 and CP29 (two of each 
per dimer) and a variable number of trimeric LHC II 
proteins labeled S (strongly bound). M (moderately 
bound) and W (weakly bound). Figure 7 shows the 
approximate location of the various pigment-proteins. 
Supercomplexes associate to form various megacom- 
plexes. In all niegacomplexes the minor proteins CP26 
and CP24 seem to be important for the interactions 
between the supercomplexes. 

By electron microscopy of paired grana membrane 
fragments from spinach, a rather regular array of 
C\S,M supercomplexes was observed (Boekema et 
al., 2000b). It was also suggested that many PS II- 
LHC II supercomplexes in one membrane face 
LHC II-only domains in the other, thus accounting 
for the frill complement of LHC II. Given a separa- 
tion between the membranes of less than 2 nm. the 
proposed arrangement implies that energy transfer 
from one membrane to the next might be important 
in grana membranes. Experimental evidence for the 
occurrence of fast excitation energy transfer from 
one layer to the next has been provided by fast pho- 
tovoltage experiments (Trissl et al., 1 987; Leibl et al., 
1989). It was concluded that a so-called ‘excitonic 
short-circuit' between layers occurs on a faster time 
scale than the average trapping time. 

B. Energy Transfer and Charge Separation in 
the D1D2 Reaction Center of PS II 

Primary charge separation in D1 D2 at room tempera- 
ture is strongly multiphasic with main components of 
about <1 . 8, 20 and/or 50 ps (Greenfield et al.. 1 997; 
and for a review Dekker and Van Grondelle, 2000). 
Here we will interpret the primary photosynthetic 
reactions in D 1 D2 in terms of energy transfer, charge 
separation, charge stabilization and (protein) relax- 
ation. The energy transfer proceeds predominantly in 
two time domains. Two ultrafast phases of about 1 00 
and 500 fs (Durrant et al., 1992; Merry et al., 1996; 
Groot et al . , 1 997), probably reflecting energy transfer 
among (a subset of) the core Chls, plus a 20-30 ps 
phase, which partly reflects slow energy transfer from 
the peripheral Chls to the core and partly reflects 
slow equilibration (Roelofs et al., 1993; Schelvis 




Fig. 7. Constructed image of a ‘complete’ PS II-LHC II super- 
complex. the hypothetical CjSAIJ., supercomplex (adapted from 
Boekema et al. . 1 999b ). The PS 1 1 core complexes (D 1, D2. CP43 
and CP47) are in the center, surrounded by the ‘minor* periph- 
eral antenna complexes CP29. CP26 and CP24 and the trimeric 
LHC II complexes at the so-called S, M and L positions. S, M 
and L refer to strongly, moderately and loosely bound LHC II, 
respectively. See Color Plate 1. 

et al., 1994; Rech et al., 1994; Groot et al., 1997). 
Upon excitation of the RC pigments primary charge 
separation is thought to occur within less than 1 ps, 
but with a low yield because the equilibrium between 
singlet-excited P680 and the primary radical pair is 
probably towards the singlet-excited states (Groot et 
al., 1997; Blombergetal., 1998). The ultrafast pail of 
this reaction probably starts from the singlet-excited 
"accessory’ Chi on the active branch ( Dekker and van 
Grondelle, 2000), analogous to the rapid transfer of 
an electron to the neighboring bactriopheophytin a 
(BPh a) in mutants of the purple bacterial RC (Van 
Brederode and van Grondelle, 1 999). Next probably a 
charge stabilization reaction occurs by electron trans- 
fer from a "special pair’ Chi to the oxidized "accessory’ 
Chi in about 8 ps ( Dekker and van Grondelle, 2000). 
Slow relaxation of the radical pair may proceed by 
conformational changes of the protein, induced by 
the creation of the two charges (Konermann et al., 
1997), and is most likely responsible for the ~50 ps 
kinetics (also see Greenfield et al., 1997). 

At very low temperatures the charge stabilization 
may not occur to a significant extent, and the uphill 
pails of the energy transfer and/or initial charge 
separation reactions may slow down considerably 
(Groot et al., 1994, 1996, 1997). Both processes 
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Charge separation time from special pair Chi D1 (ps) 

Fig. 8. Trapping time in PS II cores (Dl D2-CP43-CP47) as a function of the rate of charge separation. The calculation is based on the 
structure of Zouni et al. (2001), with the monomeric chlorophylls all absorbing at 670 nm and with all transition dipoles in the plane 
of the membrane. Charge separation is assumed to occur only from the ‘special pair’ chlorophyll on Dl . Assuming electron transfer to 
occur also from the special pair chlorophyll on D2 with the same rate, accelerates the trapping rate with about 15%. Taking one ‘red’ 
chlorophyll at 690 nm in CP47 slows the trapping down with about 10%. 



proceed between almost isoenergetic states, which, 
in view of the disorder, means that they can proceed 
slightly downhill in some complexes (and thus are fast 
and weakly dependent on temperature) and slightly 
uphill in other complexes (and thus become retarded 
significantly at very low temperatures). 

C. Energy Transfer and Trapping in CP43- 
CP47-D 1 D2-cores of PS II 

Until the end of the previous century, most authors 
interpreted data obtained with open PS II reaction 
centers (containing oxidized Q A ) in terms of a fast 
equilibration of the excitation energy (within 10 ps), 
followed by a decay phase of about 40-80 ps attrib- 
uted to a trap-limited charge separation followed by 
a phase of about 200-500 ps attributed to charge 
stabilization due to electron transfer from Ph to Q A 
(Schatz et al., 1988; Van Grondelle et al., 1994). It 
was recently found by pump-probe experiments that 
indeed in isolated CP47 and CP43 the energy transfer 
occurs predominantly with two phases, one of about 
200 fs probably reflecting energy transfer within the 



stromal/lumenal layers and a phase of 2 ps probably 
due to energy transfer between these layers (De 
Weerd et al., 2002). However, the structure of PS II 
suggests that in particular the large distance between 
the Chls of the PS II RC and the core antenna Chls 
may result in a slow rate of energy transfer from 
CP43/CP47 into the RC (Vasil’ev et al., 2001). Also 
the peripheral Chls of the RC do not seem to play 
a special role in directing excitations in the core to 
the RC. Thus, the 40-80 ps kinetics in the PS II core 
complex may therefore be attributed, at least in part, 
to a transfer-to-the-trap-limited charge separation 
reaction (Vasil’ev et al., 2001; de Weerd et al., 2002; 
Chapter 19, Bruce and Vasil’ev). Since, in contrast to 
purple bacteria (Robert et al., 2003), the core antenna 
does not surround the RC in PS II and excitations can 
only move from CP47 or CP43 directly to the RC, the 
40-80 ps kinetics could include separate contributions 
from CP47 and CP43, which do not necessarily have 
the same average kinetics. 

Figure 8 shows the result of a modeling attempt of 
the trapping time in PS II cores, based on the PS II 
structure. The orientation of the Chls has been chosen 
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to correspond with experimental LD (linear dichro- 
ism) spectra, but this assumption is not critical. Note 
that the trapping time depends only weakly on the rate 
of charge separation; for a ten-fold increase in the lat- 
ter, the trapping time doubles, clearly demonstrating 
that the system is largely transfer-to-the-trap-limited. 
Furthermore, only for very high rates of charge 
separation (<1 ps) the trapping time approaches the 
experimentally observed value of 40-80 ps. 

The attribution of the 200-500 ps kinetics also may 
be less straightforward than initially assumed (van 
Grondelle, 1985; Schatz et al., 1988), because these 
kinetics occur not only on the same time scale as the 
charge stabilization reaction, but probably also on the 
time scale of fluorescence from excited states in the 
reaction center (Merry etal., 1996). Nevertheless, on 
the timescale of 500 ps one can probably consider the 
primary radical pair in equilibrium with the PS II core 
excited state, and consequently, secondary electron 
transfer will be manifested by a pronounced phase 
in the excited state decay. Reduction of Q A leads to a 
slowing down of the trapping phase to about 250 ps, 
while the charge stabilization phase slows down to 
1.3 ns (Schatz et ah, 1988). Both effects are caused 
by the negative charge on Q v The simulation of the 
PS II core trapping kinetics based on the Zouni et ah, 
(2001) structure shows that a slowing down of the 
rate of charge separation by about a factor of 15-20 
will indeed decrease the overall trapping time by a 
factor of three and the system becomes more ‘trap- 
limited.’ Furthermore, raising the free energy of the 
primary radical pair P680 + Ph“ will significantly slow 
down the apparent rate at which charge stabilization 
occurs. 

D. Energy Transfer in the Peripheral Light- 
Harvesting Complex LHC II 

In LHC II most of the xanthophyll -*■ Chi energy 
transfer takes place within several hundreds of fem- 
toseconds (fs), possibly with a small fraction oc- 
curring on a ps timescale. (Connelly et al., 1997ab; 
Peterman et ah, 1997b; Gradinaru et ah, 2000; Walla 
et ah, 2000; Croce et ah, 2001). Excitation at 500 nm 
(mainly Chi b and Lut) showed rapid energy transfer 
(-220 fs) from xanthophyll to a Chi a spectral form 
peaking around 675 nm (Peterman et ah, 1997b). 
Similarly, using one- and two-photon fluorescence 
excitation it was concluded that transfer mainly oc- 
curs from xanthophyll to Chi a (Walla et ah, 2000). 
More specifically, in trimeric LHC II from spinach, 



Lut was found to transfer excitations almost ex- 
clusively towards Chi a, whereas Neo transfers to 
Chi b (Gradinaru et ah, 2000). Figure 9 shows the 
time-resolved difference spectra obtained for trimeric 
LHC II following excitation at 489 nm. The species 
formed upon excitation is more or less a mixture of 
S 2 -excited Lut and Neo, with some excited Chi b. 
The structured negative spectrum between 520 and 
600 nm is due to stimulated emission (SE) of the 
excited carotenoids. After about 100 fs, the S 0 -*S 2 
has recovered by about 60%, while at the same time 
the ingrowth of bleach in the Chi Q y -region occurs. 
Also in this time window the SE of the excited ca- 
rotenoids has been replaced by the typical S t -*S N 
absorption near 540 nm, reflecting the fact that (part 
of) the carotenoids are now in S,. These dynamics 
are interpreted as the ultrafast energy transfer from 
S 2 of Neo to Chi b, from the S 2 of Lut to Chi a 
(mainly to Chi a absorbing around 679 nm) and S 2 -> 
S, internal conversion in both excited Lut and Neo. 
Probably there is also some ultrafast Chi b-> Chi a 
energy transfer on this timescale. This sequence of 
events was more or less confirmed in a femtosecond 
transient absorption study on reconstituted LHC II 
monomers (Croce et ah, 200 1 ) and is consistent with 
the pigment assigmnents discussed above. 

All observed transfer processes occur within a mo- 
nomeric subunit: as the distances between pigments 
on different monomers are simply too large to explain 
the subpicosecond transfer steps, whereas the slowest 
process is observed for both LHC II monomers and 
trimers (Kleima et ah, 1997). Energy transfer from 
Chi b to Chi a in LHC II is highly multi-exponen- 
tial with time constants of -200 fs (-40%), -500 fs 
(-40%) and -6 ps (-20%) (Eads et ah, 1989; Kwa 
et ah, 1992b; Du et ah, 1994; Visser et ah, 1996; 
Connelly et ah, 1997b; Kleima et ah, 1997). This 
has been explained assuming that one of the five 
Chi b molecules transfers energy much more slowly 
than the others, with time constants well above 1 ps. 
Recently, evidence was found for the occurrence of 
some fast Chi b to Chi b energy transfer, indicating 
the presence of some strongly coupled Chi b pairs, 
for instance the A3-B3 pair or a pair of Chi b mol- 
ecules in the A6-A7-B6 triplet (Agarwal et al., 2000; 
Salverda et ah, 2003). 

Also the Chi a to Chi a transfer kinetics in tri- 
meric LHC II are very multiphasic, reflecting the 
variety of distances and orientations occurring in 
these complexes (Visser et ah, 1996; Kleima et ah, 
1997; Gradinaru et ah, 1998; Agarwal et ah, 2000; 
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LHC2 - 485 nm excitation 




Fig 9 Spectral evolution in LHC II at 77K following excitation with a 1(K) fs laser pulse at 485 nm. The experimental spectra as a func- 
tion of delay time were analyzed with a linear scheme with increasing decay times to visualize the spectral evolution 

in the system and the resulting Species Associated Difference Spectra (SADS) have been plotted. A (black solid), lifetime 1 (K) fs; B 
(black dashed), lifetime 0.6 ps; C (grey), lifetime 8.2 ps; D (grey dashed), lifetime 1 as. The insert shows the experimental kinetics at 
some selected wavelengths including the fits based on this model (from Gradinaru et al., 2000). 



Novoderezhkin et al., 2003; Salverda et al., 2003). 
Excitation at 663 nm gave rise to a ~5 ps transfer time 
and it was argued that this slow transfer involved one 
(specific) Chi a. Upon excitation around 670 nm, 
downhill transfer times of 300 fs and 12 ps were ob- 
served, while excitation towards longer wavelengths 
revealed at least one other, picosecond, component. 
Thus, it is clear that even within a monomer some 
‘slow’ processes are present. Recent 3PEPS (3-pulse 
photon echo peak-shift) measurements at room tem- 
perature identified both fast ( 1 50 fs), between ‘blue’ 
670 nm absorbing, Chi a and slow (~10 ps) Chi a 
equilibration times (Agarwal et al., 2000, Salverda 
et al., 2003). 

Using a disordered excitonic model based on the 
Kiihlbrandt et al. (1994; see Fig. 6) structure, and 
allowing for relaxation between the excitonic levels 
it has been shown that the Chi a -* Chi a energy- 
transfer dynamics includes sub-ps (250-600 fs) 
exciton relaxation within dimeric or even larger 
Chi a clusters, sub-ps (600-800 fs) hopping between 
spatially separated clusters, and ‘slow’ (ps) migra- 
tion between localized states (Novoderezhkin et al., 
1003). The interband (Chi 6 -* Chi a) transfer is 
characterized by the presence of decay channels, 



as fast as 120 fs, which connect both localized and 
dimeric Chi 6-states with the Chi o-band. The overall 
relaxation/migration dynamics can be directly viewed 
by means of the time-dependent density matrix site 
representation, which also allows us to visualize 
the time-dependent degree of delocalization. These 
dynamics are illustrated in Fig. 10 for excitation in 
the Chi 6-band and for a realization in which sites A3 
and A6 contain Chi 6, and sites A7 and B3 contain 
Chi a. Note the multi-phasic nature of the energy 
transfer kinetics, with the B3 Chi a truly isolated and, 
furthermore, the complexity of the LHC II excited 
state which remains after five picoseconds. 

CP29 is the only minor antenna complex that has 
been investigated with time-resolved spectroscopy, 
and behaves qualitatively very similar to LHC II. 
Excitation at 640 nm was followed by transfer (time 
constant ~350 fs) to a relatively ‘red’ Chi «, whereas 
excitation at 650 nm was followed by transfer to 
a relatively ‘blue’ Chi a (time constant ~ 2.2 ps). 
Hole-burning measurements showed that transfer 
from the ‘red’ Chi 6 is slower than transfer from the 
‘blue’ Chi 6 (Pieper et al., 2000). Although follow- 
ing 640 nm excitation the dominant decay was fast, 
slower phases were also present, supporting the idea 
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Fig. 10. Evolution of the one-exciton density matrix ( in the site representation) upon blue side excitation (645 run) with a 70 fs laser pulse. 
A configuration with A3 Clil b. A6 Chi />. A7 Chi a and B3 = Chi a is used in this example. Time delays are 0. 20. 40, 120. 200* 
400. 900. 3000. and 5000 fs as counted from the maximum of the excitation pulse. The numbers below the time delay values show the 
corresponding delocalization size of the exciton wavepacket determined as the inverse participation ratio of the density matrix. Note that 
we use a special order of the sites to highlight the transfer from /> to a sites (as shown in the 5 ps panel). The density matrix amplitudes 
are shown in the same units for all delays (note the different scales for the first three panels). From Novoderezhkin et al. (2002). 



of mixed sites. Non-polarized sub-ps pump-probe 
spectroscopy has also been applied in the Chi a Q ) 
region (Gradinaru et al., 1998a). Due to the overlap 
of the absorption bands only two transfer processes 
could be distinguished a very fast one of ~300 fs, 
and a much slower process of 10-13 ps. In view of 
the rather isolated position of the Chi pair at sites 
A3-B3, it seems most likely that the latter process 
reflects transfer from the Chi a of this pair to the 
other Chi molecules. 

To monitor spatial equilibration of excitations in 
trimeric and more complex aggregates of LHC II 
singlet-singlet (S-S) annihilation experiments have 
been performed in which an intense (sub) picosec- 



ond laser pulse creates several singlet excitations 
simultaneously in a photosynthetic complex. While 
migrating through the complex, these excitations can 
end up on the same molecule, which leads to the loss 
of one singlet excitation (annihilation) due to internal 
conversion (IC). The annihilation kinetics provide 
information about the speed of excitation transfer 
throughout the domain (see, for instance, van Am- 
erongen et al., 2000 ). Because excitation transfer from 
xanthophyll or Chi b to Chi a is extremely fast and 
essentially unidirectional (see above), only transfer 
between Chi a molecules is important for the anni- 
hilation process. From such experiments the spatial 
equilibration time (first passage time or migration 
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Tmig) for one excitation in a trimeric LHC II of 32 ps 
was estimated at 32 ps (Barzda et al., 2001 ), which 
is actually remarkably slow. For instance, in the PS I 
core complex x mig is less than 1 0 ps although the total 
number of Chi a molecules is ~4 times higher than 
in trimeric LHC II. The difference in the average 
Chi a to Chi a transfer times in LHC II and PS I is 
probably caused by the different Chi a population 
densities in the two complexes. In fact, a calculation 
on the basis of the LHC II structure and the pigment 
assignment yielded a reasonable agreement between 
the observed annihilation rate and the results from 
polarized and ultrafast experiments (Van Amerongen 
and Van Grondelle, 200 1 ). 

£ Energy Transfer and Trapping in PS II 
Membranes 

Excitation trapping in PS II membranes and in chlo- 
roplast fragments has been found to be even more 
heterogeneous than in PS II cores, with additional 
phases in the 300-600 ps and 2-3 ns time range for 
open and closed reaction centers, respectively. The 
general conclusion was that the exciton/radical pair 
equilibrium model describes the excitation energy 
transfer and trapping in PS II reasonably well, but 
that at least some type of heterogeneity has to be 
proposed, such as a heterogeneous charge-separation 
process or the so-called a/p heterogeneity (see for 
a discussion van Grondelle et al., 1994). The results 
on the native and very heterogeneous associations of 
PS II and LHC II in grana membranes (Boekema et 
al., 1999ab) may play an important role. Measure- 
ments of PS II complexes of different antenna size 
have indeed indicated that the overall lifetime is 
longer for the larger complexes (see Eq. 8), based on 
which it has been suggested that the PS II kinetics 
are trap-limited (Schatz et al., 1988, Barter et al., 
200 1 ). In this model, extrapolation of Eq. 8 to p eq = 1 
gives the intrinsic rate of charge separation, which 
according to Schatz et al. (1988) would then be about 
(2.7 ps)' 1 . In reality the primary charge separation is 
more complex and below we will argue that probably 
PS II is not trap-limited. 

To estimate x mig in a PS II supercomplex we use 
the fact that the average number of LHC II trimers 
per RC is approximately 4. Since in first order each 
LHC II trimer adds about 32 ps to the trapping time, 
LHC II contributes ~130 ps in total (Barzda et al., 
2001). The Chi a organization in monomeric CP29, 
CP26 and CP24 is probably very similar to that in 



monomeric LHC II (see above ) and one might expect 
an additional ~30 ps contribution to the total value 
of x mig . The total number of Chi a molecules in CP47 
and CP43 (~28) is close to that of trimeric LHC II, 
but the Chi a density is probably higher and there- 
fore the contribution to x mig is minor. Consequently, 
the estimated value of x mig is at least 160 ps, which 
should be compared with a measured number of 300 
ps. As a consequence the kinetics of fluorescence 
decay in PS II cannot be considered as trap-limited. 
We stress that the organization of LHC II in the PS II 
membranes is very heterogeneous and that there are 
large variations in the local LHC II environments of 
the PS II units, which suggests that there may be a 
very large variation in x mig (and in x^). 

IV. Concluding Remarks 

In the PS I core the energy transfer is fast and the 
timescale of excitation trapping is determined by a 
mixture of excitation diffusion, charge separation 
(plus escape from the RC) and partial localization of 
the excitation on red Chls. In our view the observed 
high efficiency of excitation trapping does not require 
a ‘special ‘ arrangement of the various spectral forms 
occurring in PS I, including the so-called ‘red Chls’. 
The addition of LHC I to the PS I core adds a slow 
step to the diffusion process namely the transfer from 
LHC I to the core. Furthermore, in the presence of 
LHC I the number of Chls is approximately doubled 
and red states in LHC I are added. Both effects will 
slow down the trapping phase. In PS II the intercom- 
plex rates of energy transfer from LHC II monomer 
to monomer, between LHC II trimers and probably 
towards and away from the minor complexes CP24, 
CP26 and CP29 are slow, several tens of ps. Conse- 
quently the migration of the excitation through the 
Photosystem II supercomplex contributes heavily 
to the observed slow overall trapping time in intact 
Photosystem II. Since only a few of the Chls in 
CP43 and CP47 are in fast energy transfer contact 
with the D1D2 RC, the precise arrangement of the 
core antenna relative to the D1D2 RC is critical for 
efficient trapping to take place. 



Note Added in Proof 

Very recently Ben-Shem and Nelson (Nature 426, 
2003, pp 630-635) published the structure of the 
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complete PS I of a higher plant ( Pisum sativum var. 
alaska) to 4.4 A resolution. The structure shows 12 
core subunits and four different light-harvesting pro- 
teins (LHC I ) arranged in a half-moon shape on one 
side of the core. In contrast to what was believed, there 
are no obvious LHC I dimers. About 20 additional 
chlorophylls are positioned in the space between the 
core and the four LHC Is, which most probably have 
a function in the transfer of excitation energy from 
LHC I to the core of PS I. 
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Summary 

This chapter gives an outline, quantitative description and a critical evaluation of the essentials of ‘classic’ 
single hit two-state trapping models of Photosystem II (PS II) and of a recently proposed extension of it. This 
double hit three-state trapping model (TSTM) suggests that closing of the photosynthetic reaction center of 
PS II requires at least two successive trapping events. It emphasizes that each of the primary and secondary 
acceptors of PS II, pheophytin (Pheo, Phe, Ph) and Q A act as an electron trap and that the electron trapping 
efficiency of centers with reduced Q A is low but not necessarily zero. The extended model enables quantitative 
analyses of the chlorophyll (Chi) fluorescence induction curve in terms of excitation rate and rate constants of 
electron transfers at the donor and acceptor sides of PS II. Predicted critical differences in interpretation and 
explanations of, for instance, sigmoidicity of fluorescence time curve, PS II antenna size heterogeneity and 
some other parameters challenge interpretations, accepted in other chapters in this book. Further research is 
needed to judge if the current thinking needs to be overhauled in view of the ideas presented here. Examples 
are given which show that the model offers a supreme diagnostic tool for localizing and quantifying the effect 
of stress conditions on photosynthetic performance. 

Evidence for photoelectrochemical control of Chi fluorescence of PS II is presented. This is based on elec- 
trophysiological and fluorescence data that show that changes in electric fields in the vicinity of the reaction 
center site, generated by photosynthetic charge separation and secondary charge displacements, are associated 
with changes in Chi fluorescence of the antennas. 



I. Introduction 

Chlorophyll (Chi) a fluorescence is a valuable tool 
for probing the energetics of photosynthetic systems . 
Fluorescence emission in light-collecting antennas of 
the photosystems is a competitive path to photochemi- 
cal energy conversion in photosynthetic reaction 
centers resulting in fluorescence quenching. Moni- 
toring of fluorescence kinetics provides a powerful 
experimental means to study the mechanism and dy- 
namics of the primary and secondary photosynthetic 



events on a time scale ranging from nanoseconds to 
tens of seconds. Application of fluorescence methods 
in research on photosynthetic performance of plants 
relies on the complementary relation between the 
Chi fluorescence yield <& f and the yield of electron 
transport O p generated in the reaction centers. This 
complementary relation was first demonstrated in 
photosynthetic bacteria (Vredenberg and Duysens, 
1963 ) and later confirmed for Photosystem II (PS II) 
in algae and higher plants (Duysens and Sweers, 
1963; see Govindjee, 1995, for a historical view). 



Abbreviations: Chi - chlorophyll; DCMU - 3(3,4-dichlorophenyl)- 1,1-dime thy lurea; F(t) - fluorescence level at time t; Fm fluores- 
cence level of system with 100% closed PSUs in dark-adapted state; Fm' - fluorescence level of system with 100% closed PSUs in 
light-adapted state; Fo - fluorescence level of system with 100% open PSUs in dark-adapted state; Fo' - fluorescence level of system, 
with 100% open PSUs in light-adapted state; J (or p) - intersystem connectivity (grouping) parameter; k_ x - rate constant of radical pair 
recombination; k^ 2 - rate constant of Q A ‘“ oxidation by Q B and Q B * - , respectively; k con - rate constant of Photosystem I connectivity; 
k d rate constant of non-radiative radical pair transfer; - rate constant of Q A photoreduction (charge stabilization at acceptor side); 

k^dc - rate constant of fluorescence emission, triplet conversion and ground state return, respectively of PS II antenna pigment; k L - exci- 
tation rate of photosystem in light pulse; kp or lq - rate constant of photochemical trapping (charge separation) in PS II; 1^ rate constant 
of non-photochemical energy losses ( = lq + k^ + kj c ); k^ si rate constant of P + - and Y z + -reduction, respectively for OEC in S = S d (i = 
1,. . .4); ODE - ordinary linear differential equation; OEC - oxygen evolving complex; p (or J) - see J; P680 (or P) - primary electron 
donor of PS II; Pheo (or Phe, or Ph) pheophytin, primary electron acceptor of PS II; PQ -plastoquinone; PS II(I) - Photosystem II(I); 
PSU - photosynthetic unit (refers mostly to PS II); Q A - primary quinone acceptor of PS II; Q B - secondary quinone acceptor of PS II; 
RC reaction center of PS II; rFv - relative variable fluorescence yield, [F(t) - Fo]/[Fm - Fo]; TSTM - three-state trapping model; 
VMC - valinomycin; Y z - secondary electron donor of PS II; cp (in mV) - the difference in electric potential across the membrane 
between P680 and Pheo; o, - fraction of PSUs in a heterogeneous system with OEC in state S d ; cp o (in mV) - difference in midpoint 
redox potential of P680* and Pheo; [OJojj p - fluorescence yield at O, J, I, or P- level, respectively of F(t) curve; [O f ] op m - minimal (0) 
and maximal (p, or m) fluorescence level m light pulse; O c f - fluorescence yield of a PSU with [Phe Q A ] 2 * - ; O c F - fluorescence yield of 
a system with 100% closed PSUs; <E>° f - fluorescence yield of a PSU with [Phe Q A ]; <E>° F - fluorescence yield of a system with 100% 
open PSUs; <E>° F (q) - fluorescence yield of fraction (1-q) of open PSUs complementary to that of semi-closed ones; <E> pf efficiency of 
photon trapping and fluorescence, respectively in PSU; <E> so f fluorescence yield of a PSU with [Phe Q* - A ]; <1> S0 F - fluorescence yield 
of a system with 100% semi-open PSUs; <t> S0 F (q) - fluorescence yield of fraction (q) of semi-open PSUs; <E> tr efficiency of electron 
trapping trapping in RC; W - q>*F/RT, with F/RT ~(25 mV)' -1 
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Nowadays and in particular after the availability of 
several sophisticated fluorescence-monitoring and 
-imaging instruments fluorescence has become a 
standard method in fundamental and applied plant 
research (van Kooten and Snel, 2002; DeEll and 
Toivonen, 2003). 

Chi fluorescence yield in vivo and in chloroplasts 
changes substantially with time uponactinic illumina- 
tion. The time pattern of the light-induced change in 
fluorescence yield, <I> f is known as the fluorescence 
induction curve F(t) (Govindjee and Papageorgiou, 
1971; Briantais et al., 1986). In general it shows a 
multiphasic rise in high intensity light from an initial 
low level [O f ] 0 , called the dark fluorescence yield, 
towards a 5 to 7 times higher quasi-stationary maxi- 
mal level [d> f ] m (or [<& f ] p ), reached after about 1 s. In 
prolonged illumination the fluorescence yield after 
1 s decreases towards a lower level. A nomenclature 
has been introduced (R. J. Strasser and Govindjee, 
1992; R. J. Strasser et al., 1995) for the multiphasic 
rise from [O f ] 0 at level 0 to [<& f ] P(m) at level P via 
two intermediate levels J- and I. Accordingly the 
fluorescence rise F(t) is commonly denoted by the 
so-called O-J-D-I-P rise. We refer herein to the O- 
I,-D-I 2 -P nomenclature introduced by Schreiber and 
Neubauer (1987), which accounts for the occurrence 
of a dip (D) between the I,(=J) and I 2 (=1) level in 
high intensity light (Munday and Govindjee, 1969). 
Relative to [ < J> f ] 0 =l , the J level at high intensity light, 
reached within about 1 ms, is at about [d> f ],=3. If 
[<J> f ]j is above 3, F(t) transiently decreases to D. The 
I-level is reached in about 30 ms [Of], ranges from 
5 to 6. The maximal P-level reached after about 300 
ms is about 20% above [O f ], 

Ample evidence has accumulated that the variable 
fluorescence comes from Photosystem II (PS II). 
Since its first clear understanding (Duysens and 
Sweers, 1963) the variable O f of PS II has been the 
subject of many reviews (see various chapters in 
Govindjee et al., 1986; Krause and Weiss, 1991; 
Dau, 1994; Lazar, 1999). Several models have been 
presented which quantitatively relate the increase in 
O f with the decrease in the efficiency of photochemi- 
cal energy conversion (O p ) in the photosynthetic 
reaction centers (RC) due to their closure. Closure 
of a RC finishes its capability for energy trapping. 
In PS II the light-driven reduction of the primary 
quinone electron acceptor (Q A ) is considered to re- 
flect the closure of the RC; this reduction is thought 
to release the quenching properties of the oxidized 
form. Fluorescence changes elicited with sub-ns 



excitations have indicated that the oxidized primary 
donor of PS II (P680 + ) quenches the fluorescence 
as well (Butler, 1972; Mauzerall, 1972). Recently 
a conceptually different trapping model has been 
proposed (Vredenberg, 2000). It can be considered 
as an extension of existing ‘classic’ models. This so 
calledThree State Trapping Model (TSTM) considers 
the RC as a 2 electron trap and, in addition to P680 + 
and Q a , the primary acceptor pheophytin (Pheo) and 
oxidized secondary donor tyrosine (Y + z ) as efficient 
fluorescence quenchers of PS II. 

The availability of detection methods with im- 
proved sensitivity and time resolution has greatly 
contributed to identification of fluorescence char- 
acteristics and parameters and to application of 
fluorescence scanning methods in photosynthesis 
research in a broad sense (Schreiber, 1983, 1986; 
Bolhar-Nordenkampf et al., 1989; Renger et al., 
1995; Schreiber etal., 1995; R. J. Strasser etal., 1995; 
Reifarth et al., 1997; Kolber et al., 1998; Nedbal et 
al., 1999, 2000). Estimation of initial fluorescence 
yield and of rise kinetics with much higher precision 
has become possible. 

In addition to fluorescence and other techniques 
(Amesz and Floff, 1996) the bioenergetic perfor- 
mance and behavior of the photosynthetic (thylakoid) 
membrane can be studied in intact cells and chloro- 
plasts with electrophysiological methods (van den 
Wijngaard and Vredenberg, 1997; Vredenberg, 1997; 
Bulychev and Vredenberg, 1999). These techniques 
rely amongst others on the use of conventional patch 
clamp suction electrodes in contact with individual 
chloroplasts. It has been demonstrated that the op- 
eration, number and actual performance of the two 
light-dependent current generating photosystems 
and the Q-cycle can be quantified from photocur- 
rent (-potential) responses (van Voorthuysen, 1997; 
van Voorthuysen etal., 1997b). Rather unexpectedly 
and seemingly in discrepancy with interpretations of 
fluorescence data, the photocurrent profiles, upon 
exposure of photosynthetic samples to a train of 
multiple single turnover flashes, show no decline 
in the number of transfer-competent (active) RCs 
in a flash train (Vredenberg et al., 1998b) question- 
ing the existence and behavior of so called inactive 
centers (Chylla et al., 1987; Chylla and Whitmarsh, 
1990; Lavergne and Leci, 1993). Moreover these 
measurements showed substantial light dependent 
changes in electrical and dynamic properties of the 
thylakoid system. The effect of low light requiring 
changes in electrical properties of thylakoids is en- 
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hanced by their low dark relaxation rate of less than 
10“ 2 s _1 . In this connection, dependence of changes 
in Chi a fluorescence yield, during the ms-induction 
phase, on pre-activating single turnover flashes are 
of particular relevance (Delosme, 1971; Schreiber 
andNeubauer, 1987; B. J. Strasser and R. J. Strasser, 
1998). For instance, the 15-30% increase in the dark 
fluorescence yield [O f ] 0 of isolated chloroplasts, that 
a single flash saturated, is closely similar to changes 
in electrical conductance of the chloroplast lumen 
(Vredenberg etal., 1998a, 1998b). The flash-induced 
increase in [d> f ] 0 with similar size as in chloroplasts 
was also found to occur in intact leaves with a dark 
relaxation rate of about 10 -2 s _1 (Vredenberg et al., 
1998b; Gustavo Rodriques, personal communica- 
tion). Recently, experimental evidence was obtained 
that the Chi fluorescence yield in plant chloroplasts, 
with impaired PS II activity, is substantially increased 
in association with changes in the trans-membrane 
electric potential generated by photosystem (PS) I 
(Bulychev and Vredenberg, 2001). Photocurrent and 
fluorescence measurements in isolated chloroplasts 
of Peperomia metallica and Chenopodium album 
showed, in the absence of PS II activity, substantial 
changes in Chi fluorescence yield with kinetics similar 
to those of photocurrents and conductance changes 
promoted by PS I activity. These fluorescence changes 
were interpreted to be caused by changes in photopo- 
tentials generated by PS I and propagated laterally to 
PS II reaction center sites. The close correspondence 
between the kinetics of the increase in the electrical 
resistance of the thylakoid lumen and the increase 
in fluorescence is suggestive of a lateral propaga- 
tion mechanism. These observations have led to the 
hypothesis that the Chi fluorescence yield of PS II in 
Chi a containing cells is under photoelectrochemi- 
cal control that is exerted by the electric field in the 
vicinity of and sensed by the reaction center. 

Quantitative models relating variable PS II fluores- 
cence and energy trapping have been the subject of 
many papers (Trissl etal., 1993; Dau, 1994; Lavergne 
andTrissl, 1995; Trissl and Lavergne, 1995; Schreiber 
and Krieger, 1996; Stirbet et al., 1998; Bernhard 
andTrissl, 1999; Lazar, 1999, 2003). These models 
are based on the ‘classic’ concept that the energetic 
(open, closed) state of PS II reaction centers is de- 
termined and quantified by the redox state of Q A . In 
cases where the fluorescence yield is found to be at 
variance with the level predicted by Q A , deviations 
have been interpreted in terms of: 



• heterogeneity (a-, (3-, Q B non-reducing-, inactive 
centers, etc) within PS II (Melis and Homann, 
1975,1976; Joliot and Joliot, 1977; Anderson 
and Melis, 1983; Black et al., 1986; Graan and 
Ort, 1986; Chyllaetal., 1987; Govindjee, 1990; 
Lavergne and Briantais, 1996; Lazar etal., 2001; 
Tomek et al., 2003); 

• intersystem energy transfer (connectivity) (Joliot 
and Joliot, 1964; R. J. Strasser 1978; Trissl and 
Lavergne, 1995; Bernhardt andTrissl, 1999); 

• quenching of several forms (non-photochemi- 
cal, static, etc) and/or by components ( P + , Y z + , 
Pheo - , plastoquinone) (Butler, 1972; Joliot and 
Joliot, 1973; Vernotte et al., 1979; Klimov and 
Krasnovskii, 1981; Krause etal., 1982; Shinkarev 
and Govindjee, 1993; Hsu and Lee, 1995; Kramer 
et al., 1 995; Kurreck et al., 2000; Koblizek et al., 
2001; Vasilev and Bruce, 1998). 

However, the light effect on 1 ) electrical parameters 
of the photosynthetic membrane in vivo, 2) the fluo- 
rescence yield at the onset of illumination, [O f ] 0 and 
3) the kinetics of the initial phase of the fluorescence 
induction curve are difficult to explain and to quantify 
in terms of existing interpretation models. 

This chapter focuses on quantitative description 
and critical evaluation of essentials of ‘ classic ’ single 
hit two-state trapping models of Photosystem II and 
of a recently proposed extension thereof. This latter 
three-state trapping model (TSTM) hypothesizes that 
closing of an RC requires two successive trapping 
events emphasizing that the primary and secondary 
acceptor of PS II, Pheo and Q A , respectively each act 
as an electron trap. The model enables quantitative 
analyses of the fluorescence induction curve in terms 
of rate constants of electron transfers at the donor and 
acceptor of PS II. Examples are given which show 
that the model offers a supreme diagnostic tool for 
localizing and quantifying the effect of stress condi- 
tions on photosynthetic performance. Evidence for 
photoelectrochemical control of fluorescence of PS II 
is presented. This is based on electrophysiological and 
fluorescence data that show that changes in electric 
fields generated by photosynthetic charge separation 
are associated with changes in Chi fluorescence. 
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II. The ‘Classic’ Two-state Trapping Model 
Of Photosystem II 

Since its recognition as a powerful qualitative indica- 
tor of photosynthesis in vivo (Kautsky and Hirsch, 
1931), fluorescence analysis in terms of rate and 
efficiency of primary and associated photosynthetic 
reactions has been subject of several approaches. 
The basis for fluorescence interpretation models was 
laid by Duysens and Sweers (1963) who presented 
evidence for photochemical control of the Chi fluo- 
rescence of PS II by a quencher Q. Q, which is now 
known as the primary quinone acceptor Q A , triggers 
the state of the reaction center of PS II . The kinetics of 
the fluorescence changes at the onset of illumination 
is, thus, related to the actual rate of electron transfer 
reactions in and around the reaction center (Papa- 
georgiou, 1975; Lavorel and Etienne, 1977). Here 
I will give an outline of the powerful and extensive 
model presented by Jerome Lavergne and HawiTrissl 
(1995). It is the product and comprehensive synthesis 
of other similar but less complete models that have 
been proposed before (Butler, 1978; Paillotin et al., 
1983; Schatz et al., 1988). It is much alike, but dif- 
ferent in formalism and presentation as the model 
presented by Reto Strasser and coworkers (R. J. 
Strasser, 1978, 1981); the latter model is presented 
in an updated version in Chapter 12, Strasser et al. 
The reader is advised to complement the reading of 
this section by consulting Hawi Trissl’s monograph 
on the Web (http://www.biologie.uni-osnabrueck. 
de/biophysik/Trissl/teaching/teaching.html) ‘Theory 
of Fluorescence Induction. An introduction’(Trissl, 
2002 ). 

A. Exciton Transfer, Trapping and Charge 
Separation 

The primary events of photosynthesis take place in 
the photosynthetic units (PSUs). A PSU is defined as 
the structural unit of a reaction center (RC) with its 
associated number (N) of antenna pigments bound 
in a core- and light harvesting complex. Absorption 
of radiation by any of the pigments in a PSU leads to 
its electronically excited state. This is synonymous 
with the generation of an exciton. The fate of an 
exciton is determined by competitive decay routes 
(fluorescence, ground state return (internal conver- 
sion), triplet conversion (intersystem crossing) and 
photochemical conversion ) of an excited Chi pigment 
(Chi*) which channel energy with rate constants k f , 



k;,,, k isc and k p , respectively. The yield of formation 
for each decay ‘product’ (<J>j) is determined by its 
rate constant relative to the sum of all rate constants. 
For example 

k k 

<p = £ = £ — (1) 

p k +k, + k. + k. k +k 

P f 1C ISC p w 

in which d> p is the photochemical yield ( or efficiency) 
and where k w (=k f + k ic + k isc ) refers to the non-pho- 
tochemical (‘waste’) conversions. 

The excited state within a PSU is delocalized due 
to fast exciton transfer and may reside on any pig- 
ment including the reaction center Chi denoted as the 
primary donor P; for PS II, it is P680. P680 differs 
distinctly from the other antenna pigments in a way 
that an exciton residing on it, i.e. P*, has a high decay 
probability kp associated with its photooxidation. 

Photochemical trapping occurs in an RC due to 
photochemical conversion of P*. In combination 
with the primary acceptor pheophytin (Phe), the 
secondary acceptor quinone (Q A ), respectively and 
with the secondary donor tyrosine (Y z ), the excited 
RC complex is denoted as Y z P*Phe Q A which con- 
verts into Y z P Phe Q A . P + Phe~ is called the radical 
pair. Its formation is associated with an electronic 
charge separation. Trapping (photoconversion) will 
be efficient when it occurs within the residence time 
of the exciton on P. With an antenna size of N and 
assuming thermal equilibration between iso-energetic 
antenna pigments and the RC pigment P68 0, the mean 
residence time T exc of the exciton in any pigment in 
the PSU is N(kf + k ic + k i;c ) _1 . Thus efficient trapping 
inaPSU is guaranteed when l/k p <T exc , ork p >N“‘(k f 
+ k ic + k^). The primary trapping event in a PSU is 
visualized in Fig. 1 . 

B. Charge Recombination, Stabilization and 
Trapping Efficiency 

Charge separation in photosynthetic RCs in principle 
is reversible; back reaction is called charge (or radi- 
cal pair ) recombination and results in reformation of 
either P* (rate constant k_[): P + Phe Q A <-> P* Phe 
Q a , or directly of ground states of P and Phe (rate 
constant k d ). Charge recombination within the RC 
is competitive with charge stabilization governed by 
the electron transfers from primaiy to secondary ac- 
ceptor and from secondary to primary donor. Charge 
stabilization leads to state Y z + P Phe Q A “. Subsequent 
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Exciton trapping in a photosynthetic unit 
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Fig.l. Exciton trapping in photosynthetic unit (see list of abbreviations for full forms of symbols used here). 



secondary electron transfer reactions with approxi- 
mate reaction times at donor- and acceptor sides of 
PS II are illustrated in Fig. 2. 

The electron trapping efficiency (<t> tr ) is defined as 
the probability that primary electron transfer in the 
electron transport chain stabilizes a charge of the 
radical pair. It is determined by the rate constants of 
radical pair recombination (k , and k d ) and of charge 
stabilization at the acceptor and the donor side of 
PS 1 1 (k e and (i = 1 . . .4, referring to S-state of oxy- 

gen evolving complex, OEC), respectively). Under 
physiological dark-adapted conditions, with k e > k yi , 
k e > k , and k c > k d (see Table 1 ), k e / (k e + k yi + 
k j+ k d ) -1 . When Q A is reduced, charge stabilization 
at the acceptor side is zero. In that case the electron 
trapping efficiency is low <1\= k yi / (k^ + k , + k d ) 
«1. The relation between and photochemical 
efficiency (<t> p ) will be given in Section II. D. 

C. Secondary Transfers of Reaction Center 
States in Photosynthetic Units Associated 
with Exciton Trapping 

In the ‘classic’ two-state model one discriminates 
between RC states on the basis of the redox state of Q A 
and of the radical pair. With Q A in the oxidized form, 
the RC is called oxidized or ‘open'; with reduced Q A 
(0 A ) ft usually is called reduced or ‘closed.’ This 
concept of the closed state implicitly implies that the 



im 

~ 1.25 ms 




350 gs [H 2 0] 



Fig. 2. Electron transport at donor- and acceptor side of Photo- 
system II with approximate reaction time for each step (see also 
Table 1 and list of abbreviations for full forms of symbols). 
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probability of electron trapping at the donor side in 
RCs with Q a ~ is assumed to be zero (<J\= 0 ). This is 
however a priori not true . Therefore, I prefer to reserve 
the term ‘closed’ for RCs that are either i) incapable 
of charge separation due to the presence of a charge 
on either P (P + ) or Phe (Phe - ), or ii) incompetent of 
charge stabilization because the electron trapping 
efficiency (d> tt ) is zero. In the context of this criterion 
RCs with Q a are not necessarily closed. Centers 
with Q a ~ are called ‘semi-open’ or ‘semi-closed.’ In 
other terminologies they are called reduced or ‘red’ 
(Trissl and Lavergne, 1 994). The functional energetic 
state of the PSU alters due to charge stabilization in 
the RC caused by primary and secondary electron 
transfer reactions at the donor and acceptor sides 
of PS II. Structural changes may occur as well, but 
these are assumed to be of minor importance in the 
primary events. We assume, as stated before, thermal 
equilibration between pigments within the PSU (Dau, 
1994). Accordingly the rate constants for exciton 
trapping in the PSUs with different energetic states 
(open, reduced) are related to the rate constants of 
charge separation and electron transfer reactions at 
donor and acceptor side of PS II. 

D. The Two-state Exciton-Radical-Pair-Equi- 
librium Trapping Model: A Mathematical 
Analysis 

The chain of reactions up to Q A “ in a PSU with an 
open RC following a single picosecond (ps)-excita- 
tion and the corresponding reaction scheme for the 
state transfers in a homogeneous system of PSUs with 
100% open centers is given in the upper and middle 
section of Fig. 3. The excitation (rate constant k L ) 
causes the transfer of the dark-adapted ‘open’ state 
via the ‘radical pair’ state (y 0 RP ) to the states y 0 p+ , y, 
andy 2 . Withps-(laser) flashes, k L (~l 0 9 ms -1 ) exceeds 
the rate constant of photochemical trapping (charge 
separation) k,(~ 10 7 ms -1 ). In that case one deals with 
8-function excitation and y 0 * can be considered identi- 
cal with y 0 . The transfer from y 0 RP to the semi-open 
state y 2 occurs via the intermediate states y 0 p+ and y, . 
It is important to note that in the ‘classic’ two-state 
trapping model one does not discriminate between 
the three types of Q A - -containing centers y 0 p+ , y, and 
y 2 . In the context of our definition (see Section II.C) 
only y 0 p+ and y[ are closed. 

The energy losses (k,, = k f + k ic + k isc ) of the 
excited PSU (y 0 *) and the generation and decay of 
intermediates in the photochemical reaction chain are 



described by a system of ordinary linear differential 
equations (ODE) 



^ = -(k. + k,)y; + k.,yr 



J BP 

^--(k_ 1 + k +k d )y^ + k t y p+ 



dt 

T P + 



= - k y ,yf + Ky7 

dy i 



dt 



-ksifl + kyifo 



(2a) 

(2b) 

(2c) 

(2d) 



^f = k , y , (2e) 

in which each k with its respective subscript is a rate 
constant, as defined before, and k si is the rate constant 
of OEC oxidation in state S = S, (i = 1 . . ..4). 

Analytical solution of these equations is laborious 
and will yield expressions for y 0 *, y 0 RP y 0 p+ , y, and 
y 2 with increased complexity. The analytical solution 
for Eqs. (2a-c) and the corresponding expression for 
y 0 \ y 0 RP and y 0 p+ for t < 2 ns can be found in Trissl 
( 2002 ). 

A numerical solution of Eqs. (2a-e), which is 
applicable for any set of n ODEs, is easier obtained 
with a n-n ‘matrix’ approach. The ODEs 2a-d are 
in the form 



^ i =E a i j y j ( t ) < 2f > 

for i and j from 1 . . . n. This is considered in vector 
presentation as 



dY(t) 

dt 



= AY(t) 



(2g) 



in which Y(t) is a vector with n elements y^t) (j = 1 . . .n) 
and A is a n-n matrix with elements a y (i j = 1 . . .n). 
The solution is an exponential vector function 



Y(t) = ve Xt (2h) 

with, according to the equation riv = \v. This means, 
in matrix terminology, that the solution is determined 
by the eigenvector v and eigenvalue X of the matrix 
A. 
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Exciton trapping in PSU with 100% open RCs 
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Fig. 3. Top. Representation of pattern and intermediates associated with single-hit driven transfer of dark-adapted open reaction center 
(RC) with oxygen evolving complex (OEC) in state Sj state (S 4 [Y Z P Phe QJ) into its first quasi-stationary semi-closed (‘red') form 
(S i+l |YzP Phe Q A ] in green cells and chloroplasts. Arrows (from left to right) mark the sequence light excitation, charge separation, 
Q a reduction, Y z _ and OEC-oxidation with rate constants k L , lq, k^, k^and k^, respectively in which i( 1 . . .4) refers to the state S 4 of the 
OEC. The left-directed horizontal arrow marks charge recombination of radical pair P*-Phe with rate constant k Downward pointing 
arrows mark energy loss of P* and of P'Plie in a form different from photochemical storage with rate constants k^ and k d . respectively. 
Middle. Reaction sequence (except for omission of non-energetic losses) for single-hit driven transfer of a system of PSUs starting 
from a dark-adapted system with 100% open RC with OEC in ^ state, designated with y 0 . Other designations refer to RC state drawn 
vertically above each. Bottom. Time patterns of PSU states y^, y/*, y, and y 2 after single hit excitation (see central section) of open 
state y 0 with laser flash (k L >10* ms -1 ), according to solution of an adopted 5-5 matrix approach (see text). Values for the rate constants 
(ms 1 ) were (see also table 1) 
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Mathcad2001i and older versions (Mathsoft Inc, 
Cambridge, Mass) offers the routine for evaluating 
these matrix parameters. A handwritten Mathcad 
program dedicated to TSTM can be provided upon 
request (wim.vredenberg@;Wiu\nl). 

The bottom panel of Fig. 3 gives the numerical 
solution of Eqs. (2a-h), and the corresponding time 
pattern of states y 0 *(t), y fl RP (t), y 0 p+ (t), y,(t) and y,(t) 
for rate constants which are taken front the literature 
( see Table 1 ). The transient state y , and the final pho- 
tochemical product (y,). under conditions at which 



Q a oxidation is blocked, are formed within -50 ns 
and ~500 (.is. respectively. 

In terms of photochemical energy storage and 
waste, the respective yields for the open PSU are 4>° p 
and <!>;. (= <l> f + + <1^) = 1 - <b° p with 



* O t = k { fy 0 (t)dt 
and 



<P!k. 



4>*k. 



( 3 ) 
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Exciton trapping in PSU with 100% semi-open RCs 
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Fig. 4. Top: Pattern and intermediates associated with single-hit driven transfer of a semi-open (‘red’) RC (i.e. with Q A ) with OEC 
in state Sj state (S, [Y Z P Phe Q A ]) into its quasi-stationary double reduced closed form (S |+| [Y z P [PhcQ j 2- ). Downward pointing 
arrow labeled with rate constant k d marks non-radiative decay of radical pair into ground state. Middle: Reaction sequence (except for 
omission of the non-energetic losses and k d ) for a system of PSUs starting with 100% semi-open (‘red’) RCs and with OEC in S 4 
state, designated with y : . Other designations refer to RC state drawn vertically above each. Bottom: Time patterns of PSU states y,**. 
y 3 and y 4 after single hit excitation (see above) of semi-closed (‘red*) state y 2 with short flash (k L >10 s ms 1 ), according to solution of an 
adopted 5-5 matrix approach (see text). Lower thinner lines in each panel are for a 10-fold higher value of k d . Values for rate constants 
(ms* 1 ) were (see also Table 1) 
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°p = k 'K f VoCOdt (4) 

in which (=k,/( k e + k yi + k.,+ k d ) is the electron 
trapping efficiency in an open reaction center. With 
the rate constants of Table 1, d'",, ~ 90%, <J> f ~ 2% 
and <l> p ~ 89.5%. 

The state transfers following a single ps-excita- 
tion in a semi-open (so) PSU and the corresponding 
reaction scheme of the RC transfers in a system of 



PSUs with 100% semi-open RCs of the sort Y z P 
Phe Q a (y,) is given in the upper section of Fig. 4. 
Similarly as for the open state, the excited semi-open 
state (y,*) is transferred via Y z - (k^) and OEC- (k si ) 
oxidation into the closed state y 4 with 2 electrons 
stored at the acceptor side. Energy loss via non- 
radiative recombination of the radical pair with rate 
constant k (1 competes with charge stabilization (k yi ) 
at the donor side. 

The two-electron storage and the associated RC 
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Table 1. Rate constants of primary reactions involved in energy trapping and fluorescence emission 
in Photosystem II 





Reaction 


Rate constant 


(ms 4 ) 


Refs. 


Reaction center 










Charge separation 


P680* P680 + Phe- 


kp 


~ 10 6 


1 


Charge recombination 


P680 + Phe- P680* 


k -l 


~3 x 10 5 


2 


non-radiative 


P680 + Phe- P680+Phe 


k d 


~10 3 -10 4 


? 


Acceptor side 










Q A - reduction 


Phe-Q A -» PheQ A “ 


K 


~ 3 X 10 6 


3 


Q B -reduction 


Qa Qb ^ Qa Qb 


k ABl 


4 


3,4 


Q b _ - reduction 


Qa Qb ^ Qa Qb 


1/- 

^AB2 


2 


3,4 


Donor side 










P - reduction 


S, Y z P + -» S,Y z 'P 








(Y z - oxidation) 


S, 


kyi 


- 10 6 


5,6 




S 2 


k>-2 


- 10 6 






s 3 


ky3 


- 5 x 10 4 






S 4 


V 


- 5 x 10 3 




Y z + - reduction 


S,Y Z + - S i+1 Y Z 








(OEC - oxidation) 


s, 


Ki 


-10 


7 




s 2 


k s2 


-3 






S 3 


k s3 


-1 






s 4 


k s4 


-30 




Antenna pigments 










Resonance transfer 




kt 


>10 7 


1 


Fluorescence 




kf 


- 6 x 10 4 




Internal conversion 




kic 


- 5 x 10 4 




Triplet formation 




ki S c 


- 5 x 10 4 





1 . Wasielewski et al., 1989; 2. Roelofs et al., 1992; 3. Diner and Babcock, 1996; 4. Robinson and Crofts, 
1983; 5. Meijer et al., 1989; 6. Schilstra et al., 1998); 7. Babcock, 1987. 



closure (y 4 in Fig. 4) is visualized as Yz P Phe - C) A . 
However the location and stabilization of the (second ) 
electron after excitation of a semi-open RC (i.e. with 
C) A ) need not necessarily be on Phe. It might be that 
the electron on Phe in this case is ‘shared’ by Q A - , 
making the second acceptor doubly reduced. The 



closed state Y Z P Phe Q A ~ is assumed to be equivalent 
with and symbolized by Y Z P [Phe QJ 2- . 

The equations for the transfers (Fig. 4 ) are similar 
as those given for the excitation of PSUs with open 
centers. The lower section of Fig. 4 shows plots of 
the time dependence of y 2 RP , y 3 and y 4 . The effect of 
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a ten-fold change in k d is also shown. The fluores- 
cence yield of PSUs with Q A “ is, in analogy with the 
expression derived for <&° f 



®7 = K f y 2 (t)dt = 



<f>?°k + k 

tr t 



tr t 



(3a) 



in which <t> so , r (= ky/( kyA k ,)) is the electron trapping 
efficiency in semi-open centers (see also in Section 
II. B). Combining Eqs. (4) and (4a) gives 

<p so <p° 

— = — (5) 

<b° A 80 ’ 

f tr 

With values for k^, k and k d , as given in Table 1 
for S=S[ , one obtains ~ 0.25. Thus, as compared 

to open centers, the electron trapping efficiency in 
semi-open centers is reduced by a factor of about 
3.6. This means according to the equation above that 
after a single flash excitation the ratio of maximal 
and minimal fluorescence O so f / <J>° f = Fm/Fo ~ 3.6. 
This is in fair agreement with values reported for 
experiments in which the fluorescence upon a single 
turnover light flash has been measured (Hemelrijk 
and van Gorkom, 1992; Samson and Bruce, 1996; 
Gorbunov et al., 1999; Samson et al., 1999; de Wijn 
and van Gorkom, 2001; Steffen et al., 2001). The 
increase is however substantially lower than a value 
around 5 that is found in multi-turnover light pulses 
(Schreiber, 1986; van Kooten and Snel, 1990; R. J. 
Strasser et al., 1995; Lazar and Pospisil, 1999; Vre- 
denberg, 2000). The Fm/Fo ratio is most sensitive to 
variation in k „ k t] and k^. For instance a 1 5% change 
in k , or k yi causes a change of approximately the 
same magnitude in the Fm/Fo ratio, whereas a similar 
change in k e affects this ratio only by approx 1.5%. 
It is also obvious that the Fm/Fo ratio in a flash train 
will modulate with the reported 4-step modulation of 
kyi (i = 1 . . .4) (Schreiber, 1986; R. J. Strasser et al., 
1995; Lazar and Pospisil, 1999; Vredenberg, 2000). 
The data do not support evidence for a value of k d 
equal to or even exceeding that of k_, in centers with 
Q a ~ (i.e. in our terminology semi-open centers) as 
presumed by others (Roelofs et al., 1992; Trissl and 
Lavergne, 1995). This would lead to Fm/Fo ratio in 
a single flash far above 3, which is in conflict with 
experimental data (Hemelrijk and van Gorkom, 1 992; 
Samson et al., 1999) and theoretical considerations 
(see Section IVB). However, it is possible that, de- 



pending on the species and the preparative conditions, 
the Fm/Fo ratio in a single flash is substantially above 
3 (see Section VC). It is likely that in those instances 
the fluorescence yield is transiently stimulated by the 
trans-thylakoid electric potential due to undisturbed 
permeability properties of the photosynthetic mem- 
branes. A transient potential of ~50 mV can easily 
increase the F/Fo value by more than 1 (Vredenberg 
and Bulychev, 2002). 

I will temporarily maintain the hitherto accepted 
view that a RC is closed when Q A is reduced. A RC 
with Q a ~ shows in this context maximal antenna 
fluorescence. This means for instance (see Fig. 5) 
that the ‘semi-open’ center in y 2 , although excitable 
(y 2 *), and competent of charge separation (y 2 RP ) is 
considered to have a zero electron trapping efficiency, 
i.e. it is assumed that k^ = 0, which makes <b so tr = 0. 
In terms of our definition this then indeed is a closed 
center. Enforced back transfer of the radical pair to 
the ground state energy levels in these centers (see 
above) might cause a severe suppression of the elec- 
tron trapping efficiency of state y 2 RP , i.e. a decrease 
of charge stabilization. Others (Lavergne and Trissl, 
1995; Schreiber and Krieger, 1996) have proposed 
this type of non-radiative radical pair recombination. 
Impairment of charge stabilization at the donor side 
(kyi = 0 ) in RCs with Q A “ has been proposed to occur 
in the presence of DCMU (Lazar, 2003). 

£ Fluorescence Induction in Short Laser 
Flash: Donor Side Quenching 

The concept of PSU closure by a single photon hit 
requires additional assumptions when the kinetics of 
the fluorescence are compared with the theoretical 
predictions. The single turnover induced transfer 
of an open reaction center (Fig. 3) is accompanied 
by a 3- to 3.5-fold increase in fluorescence (Eq.5). 
This increase has been ascribed to the release of 
photochemical quenching by Q A due to its reduction 
to Q a ~ (Duysens and Sweers, 1963). The absence 
of a 3-fold higher fluorescence yield (Steffen et al., 
200 1 ) a few ns after a short laser flash during which 
state y 0 p+ [ Y z P + Phe Q A ~] is formed (see Fig. 3 for 
symbols and kinetics) is an illustration of donor side 
quenching. Ample evidence has accumulated that P + 
is an efficient PS II fluorescence quencher (Butler, 
1972); the fluorescence yield after accumulation of 
Q a stays low as long as P + is present. Recently it 
has been presumed (Vredenberg et al., 2002) that 
Y + z , like P + , acts as quencher, as well. As Fig. 3 
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RC states after flash 



Y z + and carotenoid triplet quenching 
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Fig. 5. Left panel : Simulation of fluorescence increase by short laser pulse with time patterns of intermediate S,-Y z + PPhe Q A (y, ) and 
S : -Y z PPhe Q A (y : ) - RC states (see Fig. 3). Right panel: Upper and bottom curves represent the case without and with Y z ’ quenching, 
respectively. Middle curve simulates a hypothetical case (but see Steffen et al., 2001) in which at high flash energies Y/ quenching is 
partially released or substituted by that of carotenoid triplets. Rate constants (in ms 1 ) used were: k L ~10 4 . k,~12, k^M.2 (orO in pres- 
ence of DCMU). The ns-fluorescence increase from Fo to Fo' (approx. 15%) was simulated by taking rFv = 0.075 for y,. Carotenoid 
triplet quenching was simulated with an intermediate non-quenching y*-state [S,-Y/ PPhe Q J* formed by transfer from y\ with rate 
constant of about 100 ms -1 and converted into y 2 with rate constant k,. The 'quenched' curves show resemblance with experimental 
curves at about l and 10% of maximal laser energy in 0 to 50 ps time domain reported in a recent paper of Gemot Rengers group 
(Steffen et al.,2001). 



shows, the transfer of the quenched state y 0 PT [ Y z P 
Phe Q a ] into state y, [Y' z P Phe Q A ] is completed 
within ~50 ns. The absence of a sizeable increase 
in fluorescence yield during this 50 ns period (not 
shown, but see Mauzerall. 1 972; Steffen et al., 2001 ; 
Fig. 5) during which P' quenching is released, points 
to the fact that this quenching is maintained during 
and after P -reduction and Y‘ z formation. Steffen et 
al. (2001 ) have proposed that continuing quenching 
in the sub-ps time range, i.e. after formation of y, 
[Y z * P Phe Q a ]. is caused by carotenoid triplets 
formed in association with non-radiative radical 
pair recombination in state y 0 RP [Y z P Phe QJ. 
The time patterns of Y z + -reduction, reflected by 
the transfer of y, into y, [Y z P Phe Q A ], and of the 
laser flash- induced fluorescence increase are much 
alike. The y,-y 2 state transfer (see Fig. 4 and Fig. 
5. left panel) occurs with a relaxation time of about 
100 ps for a dark-adapted S, state of the OEC. The 
main component of the laser-induced fluorescence 
rise (reproduced in Fig. 5; see Steffen et al.. 2001 
for original recordings) is in the same time range. 



Additional evidence for the conclusion that the rate 
of fluorescence increase is limited by the rate of 
Y' z reduction, i.e. oxidation of the oxygen evolving 
complex has come from experiments with continuous 
light which are discussed below. 

F. Fluorescence Induction in Continuous 
Light: Effect of Intersystem Exciton Transfer 

Continuous illumination (excitation) of a dark- 
adapted homogeneous system of PSUs with open 
RCs and equal antenna size will cause a transfer of 
the system from one without into one with reduced 
(Q a ') centers. The transfer can be described by the 
same set of rate equations as given before for RC 
transfer in a PSU. The designation of the RC states (y, 
= y 0 . . ,y 2 ) now refers to the fraction of PSUs in which 
the RC is in y -state (see Fig. 3). The fluorescence 
during this transfer will rise from an initial low level 
Fo to a maximal level Fni, proportional to the cor- 
responding yield <J>° P and <t> so 1 . of a system with 1 00% 
open (y 0 ) and semi-open (y 2 ) PSUs, respectively. The 




Chapter 6 System Analysis of Chlorophyll Fluorescence Kinetics in vivo 



145 



superscript 50 is used here for reduced centers with 
Q a which in the context of single hit trapping models, 
are considered to be closed. Fo and Fm are normal- 
ized to the corresponding yields. The fluorescence 
F(t) at any time t during the induction is 



closure of the PSUs. If one normalizes the minimal 
Fo and maximal fluorescence Fm to the respective 
yields <t>° f and fl> so f of the extremes one obtains the 
expression for the associated variable fluorescence 
Fv(q) = F(q ) - Fo 



F(t) = (1 - q)<&° + qd>p = + q(<l>“- d>°) (6) 

in which q is the fraction of PSUs with semi-open 
(Q A “-containing) RCs. With equal antenna size, 
independent (separate ) PSUs and a single hit mecha- 
nism, one would expect a F(t) curve proportional to 
the exponential growth (see Fig.3) of the q-fraction 
of Q A “-containing (so) centers. To accommodate 
observed discrepancies with experimental results, in 
particular those apparent at the onset of illumination, 
we can focus upon effects of structural, interactive 
and compositional properties of PSUs upon F(t). 
Here I follow the approach and analysis of Lavergne 
and Trissl (1995 ) based on the concept of so called 
connected units. For a visualization of the concept, 
see Trissl (2002) 

Basically the model assumes exciton transfer 
between open and closed PSUs (i.e. with centers 
that contain Q A ~), which is described by a so-called 
connectivity rate constant k con . Summation of the 
probabilities for photochemical energy storage and 
‘waste’ of excitons generated in (l-q) open and q 
closed PSUs, one obtains the corresponding fluo- 
rescence yields <&° F (q) and <b c F (q), respectively. The 
yield of the system with a fraction q of Q A ~ -contain- 
ing PSUs then follows from these yields according 
to their relative excitation 

<b F (q) = (l-q)<f>° F (q) + q<f> c F (q) (7) 

It is important to note that in the concept of con- 
nected units, <b c F (q ) and <h° F (q ) depend on the size 
of the fraction (q) of closed PSUs. For the yield in 
the extremes with fully open and closed PSUs (q = 
0 and 1 , respectively) one gets after proper substitu- 
tions (see Trissl, 2002) 

3> 0 = ^> F (0) = q>F (0) = (8) 



Fv(q) 
F -F 

m o 



i-q 
l + J q 



= rFv(q) 



( 10 ) 



in which the sigmoidicity factor J is given by 



(k - k )k 

j v o so 7 con 

_ (k + k )(k +k n + k ) 

so w con 0 w ' 



( 11 ) 



with k 0 = 4>° tI * k e and k so = <b i0 tI * k yi ; rFv is called the 
relative variable fluorescence yield. 

The rFv equation is identical with those derived 
by A. Joliot and P. Joliot (1964), and by Strasser (R. 
J. Strasser, 1981), with J = p/(l - p) in which the p- 
parameters are called the connectivity and grouping 
parameter. A derivation of the rFv(q) equation is 
also given in Chapter 12, Strasser et al. The rFv(q) 
equation (Eq. 10) can be transformed numerically 
into a rFv(t) relation. Matching of rFv(t) with the 
experimental curve is done by choosing proper values 
for the connectivity factor J, or parameter p, which 
means (see Eq. 1 1) choosing the proper rate constants 
including k con . 

The two-state connectivity model predicts and 
confirms that in the absence of connectivity, i.e. when 
k con = 0 (J = 0), Fv(q) = 1 - q (Eq.10), which after 
transformation, is synonymous with an exponential 
F(t) curve. The validity of the model should confirm 
that, according to Eq. (1 1), J (or p ) is only dependent 
on rate constants of primary electron transfer reac- 
tions following excitation and independent of light 
intensity (excitation rate k L ). In other words, the 
shape of the F(t) curve should show an unaltered I*t 
relationship if the area bounded by F(t) and Fm is 
considered. Recent experiments (Vredenberg et al., 
2002) with chloroplasts at high and low excitation rate 
(light intensity) question this conditional property. 
Details will be presented in the next section. 



and 

<fr in = * F (l) = <t>“(l) = <r>? (9) 

which shows that the model does not influence the 
minimal and maximal fluorescence associated with 



G. Fluorescence Induction in Continuous Light: 
Effect Excitation Rate; Determination of Fo 

The average duration of a single turnover in the pho- 
tosynthetic units of the photosystems in a leaf, or a 
chloroplast suspension, during a multi -turnover light 
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pulse, is determined by antenna size, intensity of the 
pulse, density of the sample, i.e. Chi concentration 
[Chi], and the optical path length. The inverse of 
this time is termed the excitation rate (frequency), 
k L . The fluorescence time curve F(t) is dependent on 
rate constants of light excitation (k L ), primary and 
secondary reactions at donor- and acceptor sides of 
PS II and on the intersystem comiectivity parameter 
J (p). Variation of k L will be reflected by a change in 
F(t) and is a simple non-invasive means to get quan- 
titative insight in the actual values of the other in situ 
rate parameters (see Table 1 for a survey). 

A chloroplast suspension with 1 0 pg Chi ml 1 (~ 1 0 
mnol Chi ml -1 = lOumol Chi m 2 x (mm optical path ) 
“‘ ) and an assumed antenna size A = 250 (Chl/RC) 
contains ~200 nmol RC nr 2 (5 mm) -1 . In the fluores- 
cence apparatus , such as the Plant Efficiency Analyzer 
(PEA, Hansatech, UK), the maximal light intensity is 
~550 W nr 2 which corresponds to ~ 3.3 x 10 3 pmol 
photons nr 2 PAR (Photosynthetically Active Radia- 
tion). Thus in a dense chloroplast suspension (10 pig 
Chi ml -1 , OD'O.5), with assumed negligible particle 
screening along the optical path, 200 nmol RC nr 2 (5 
mm) -1 are hit by ~1 .7 x 10 3 pmol quanta nr 2 s -1 , cor- 
responding with an excitation rate k L ~8.5 ms -1 . The 
excitation rate can be decreased by lowering the light 
intensity. In our hands and with the PEA fluorometer 
(Hansatech), signals with reasonable signal to noise 
ratio could be obtained for [Chi] > 5 pg ml -1 with an 
optical path length of about 5 mm. 

Under usual experimental conditions the excitation 
rate is in the range between 1 and 10 ms -1 . With the 
excitation rate in this range k L is of the same order of 
magnitude as the rate constant ofY z + reduction (OEC 
oxidation) in state S, and several orders of magnitude 
lower than the rate constants of the primary electron 
transfer reactions (see Table 1). The first data point 
of the fluorescence signal is at 10 ps and, with k L =10 
ms -1 , each turnover excitation will take about 100 
ps. This means that for these conditions with k L « 
k e < k, and with d>° (= k e /(k e +k_,+k d ) — 1 , the state 
transfers y 0 * -» y 0 RP -* y 0 p+ -*y 1 -> y 2 (see Fig. 3) 
can be represented by a scheme y 0 " — ^ y, — > y 2 with 
rate constands k L and K sl for the first and second 
step. With the following solutions for the equations 
corresponding to the scheme. 



yo(t) : 



y L (t) 




( 12 ) 

(13) 



y 2 (t) = i- 





(14) 



Figure 6 gives the time pattern of the three states 
for k L = 10 and 1 (ms -1 ), which is approximately 1- 
and 0.1 -fold the rate constant k sl (Y + z -reduction by 
S[). If it is assumed, following evidence discussed 
earlier, that the fluorescence yield in y,[Y + z P Phe 
Q a - ] stays low due to Y + z -quenching, one expects 
that the fluorescence curve rFv(t) will follow that of 
y2(t). It is then obvious that the initial rise kinetics 
of rFv(t) are dependent on k L . It shows a substantial 
delay when k L ~ k 3l , with maximum effect when k L 
= k sl , and approaches an exponential rise at k L « k sl 
and at k L » k sl . This follows easily from Eq.( 14). 

y 2 (t) ~ 1 — e~ ksl ‘ (14a) 



fork L » k sl , and 

(14b) 

y 2 (t) « i - e -kL ‘ 
for k L » k sl 

Thus, depending on the excitation rate and indepen- 
dently of energy transfer between PSUs, the fluores- 
cence induction curve F(t) shows a sigmoidal rise, due 
to, in this model, Y + z -quenching. The dependence on 
excitation rate is not observed (see earlier) if, in the 
absence ofY + z -quenching, restricted energy transfer 
is assumed to be involved. This difference in kinetic 
behavior upon alteration of the light intensity, in fact, 
should be used as a criterion to differentiate between 
the involvement or the predominance of one of the 
two mechanisms responsible for the sigmoidicity of 
the F(t) curve. The effect of Y + z -quenching on F(t) 
is illustrated in Fig. 7. 

Results that will be presented in more detail in 
Section IVD suggest evidence that a sigmoidal F(t) 
curve is predominantly caused by Y + z -quenching and 
is observed when the light excitation rate is of the 
order of 10 ms -1 , which is close to the rate constant 
(k sl ) of Y + z -reduction by the OEC in its S, state. In 
this connection it is also worth noticing that single 
flash-induced F(t) curves (i.e. with k L »10 3 ms -1 ) 
do not show sigmoidicity (Mauzerall, 1972; Steffen 
et al., 2001). According to the model presented here, 
the rise is expected to be exponential and, except for 
a small ns-component and a short (ps) time delay, 
will follow the y 2 (t) [Y z P Phe Q A - ] curve (see Fig. 
5, right panel). 
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RC states after excitation at rate k L 



k ,_*10 ms - ' 1^=1 ms ' 1 




Fig. 6. Time patterns (Eqs.2 14) of PSU states y 0 . y, and y 2 upon 
excitation with 1 s light pulse of 2 different intensities of a chlo- 
roplast suspension. Conditions in left and right panels correspond 
to excitation rates of 1^ = 10 ms~ l and 1 ms 1 , respectively. Rate 
constant ofY/-reduction (OEC in S,) was taken as k sl 10 ms 
Note the tenfold difference in the time scales of panels and the 
difference in the y 2 - profiles. 

Special attention is required for accurate determi- 
nation of Fo especially at higher k, values. The onset 
response rate of the fluorescence detector in the PEA 
machine is about 30 ((is) -1 (information provided by 
Hansatech company, personal communication). This 
means that in all fluorescence measurements with a 
machine of this type the first reliable data point is at 
50 ps. Curve fitting of the experimental data in the 
50 to 150 ps time domain with the proper equations 
of the models (e.g. Eq.14, but see also Section IV), 
and extrapolation of the fit to t = 10 ps, provides a 
reasonable good approximation of Fo (= F I0(lg at t = 1 0 
ps ) for k, < 1 5 ms 1 at the instrumental data collection 
rate of ( 1 0 ps ) 1 . Unfortunately this limitation has not 
always been recognized and its ignorance easily leads 
to erroneous conclusions (Lazar et al., 2001 ). 

In the next sections I will illustrate photo-electrical 
stimulation of PS 11 fluorescence and then turn to a 
discussion of the electron trapping in PSUs in which 
the secondary electron acceptor Q A is reduced. This 
is done in terms of the TSTM (Vredenberg, 2000; 
Vredenberg et al., 2002). 

H. Conclusions and Summary 

My conclusions, based on the arguments provided 
in this section, are: 



Effect Y z * quenching 




Fig. 7. Simulation of rFv(t) curves in presence and absence of 
Y/- quenching. Absence ( 'without* ) means a hypothetical case in 
which donor-side quenching is attributed to P* only, and is released 
with rate constant k^HO 5 ms 1 (see Figs. 5 and 6). In the presence 
ofY z + quenching, the curve follows Eq. ( 14) with k L k,, 10 

ms -1 ; in the absence of quenching, the curve represents 1 y 0 (t) 

(Eq. 12) with k, : 5 ms '. DCMU is assumed to be present. 



1. Single hit exciton trapping in PSU, with open 
RC and retarded electron transfer at the acceptor 
side, results in cascade of PSU state transfers 
with a mixed population of states in which Q A is 
reduced (see Fig. 3). 

2. Single hit exciton trapping in PSU system with 
open RCs is accompanied by an approximately 3 
fold increase in the fluorescence yield of the Chi 
antennas. 

3. The kinetics of the initial fluorescence rise in 
multi -turnover excitations are modified by the 
strength of intersystem exciton transfer, indepen- 
dently of the excitation rate. 

4. Y\ is, like P\ a donor side quencher of Chi 
fluorescence. 

5. Mathematical analysis of the state transfers 
in multiple excitations show, independent of 
intersystem energy transfer, sigmoidicity in the 
fluorescence rise when the excitation rate is close 
to the rate constant of the release of donor side 
quenching. 
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III. Photoelectrochemical Control of PS II 
Chlorophyll Fluorescence 

The effect of electric fields on the fluorescence yield of 
PS II in vivo has not received much attention, mainly 
because the effects therein have been presumed to be 
relatively small (Dau, 1994). Recently experimental 
evidence was obtained that the Chi fluorescence yield 
in plant chloroplasts with impaired PS II activity is 
substantially increased in association with changes 
in the trans-membrane electric potential generated 
by PS I (Bulychev and Vredenberg, 2001). In this 
section I will illustrate that in general electric fields 
generated by photosynthetic charge separation in 
reaction centers and propagated laterally through the 
thylakoid lumen are associated with changes in Chi 
fluorescence yield. 

Simultaneous photocurrent and fluorescence 
measurements in isolated chloroplasts of Peperomia 
metallica and Chenopodium album (Bulychev and 
Vredenberg, 2001) have shown, in the absence of 
PS II activity, substantial changes in Chi fluorescence 
yield with kinetics similar to those of photocurrents 
and conductance changes associated with PS I- 
activity. The propagation of the electrical stimuli 
as yet cannot be described analytically, because of 
uncertainties about number and size of components 
in the internal electrical circuit of the thylakoid and 
its architecture. However the close correspondence 
between the kinetics of the increase in lumenal 
electrical resistance and increase in fluorescence is 
suggestive of a lateral propagation mechanism. 

A. Background and Theory 



different from others in a sense that the energy dif- 
ference between P680* and P680 + Phe“ is relatively 
low (0.04-0.12 eV) (Klimov, 1986; van Gorkom, 
1985; van Grondelle, 1985; Gibasiewicz etal.,2001). 
This makes the primary photochemical reactions in 
this RC sensitive to changes in electric field strength 
(potential ). This sensitivity is due to a direct effect of 
the electric potential on the probabilities for radical 
pair recombination, photochemical trapping, and 
for non-radiative recombination of P680 + Phe - plus 
P680 + -triplet formation, affecting the effective rate 
constants k_,,k t and k d , respectively. Under assumed 
dynamic equilibrium between P680* and the radical 
pair, the rate constants of photochemical trapping 
and radical pair recombination are related by the 
Boltzmann equation 




= e (T 0 -'P) 



(15) 



in which (p and cp 0 (in mV) represent the difference 
in electric potential across the membrane section 
between P680 and Phe and midpoint redox potential 
for P680* and Phe, respectively. *P( = cp *F/RT) is a 
(dimensionless) relative potential and F/RT (at 20 °C) 
is about (25 mV) -1 . The fluorescence yield <!>, then 
can be described, as outlined in detail elsewhere 
(Bulychev and Vredenberg, 2001) by the following 
relation 



V = 1 + ^ • 6 • (lfi) 



Changes in fluorescence yield that cannot easily be 
explained in terms of a quenching mechanism can 
be accommodated in a concept that electric fields in 
the vicinity of the reaction center have a discernible 
effect on Chi fluorescence (Bulychev et al., 1986; 
Bulychev and Niyazova, 1989; Dau et al., 1991; 
Bulychev and Vredenberg, 2001; Gibasiewicz et al., 
200 1 ). The electric field exerts its effect on the quasi- 
equilibrium between the excited state of reaction 
center Chi (P680*), which is in exciton equilibrium 
with that of the antenna (Chi*), and the reaction 
center radical pair (P680 + Phe - ). This equilibrium is 
determined by the rate constants of primary electron 
transfer reactions, amongst which is the radical pair 
recombination (Fig. 8). The PS II reaction center 
(RC) has been recognized as being particular and 



in which 0 is the fraction of semi-open and closed 
centers (the extreme values 0 and 1 correspond to 
1 00% closed and open centers, respectively), N is the 
number of Chi molecules per PS II reaction center 
(antenna size) and k e , lq andk^ are rate constants for 
electron transfer to the primary quinone acceptor 
Q a and for fluorescence emission and non-radiative 
losses of the antennas, respectively and K d for non- 
radiative losses in RC.. Figure 9 shows the relation 
[4> F (rp)] between fluorescence yield and the electric 
potential for some discrete values of the fractional 
closure of the RC. The following parameter values 
were substituted in Eq. 16 for obtaining [<t> F rif)]: k f = 
3, k d = 5, k = 100, k = 10 (in 10 8 s -1 ), N=100 and W 0 = 
4 (<p 0 = 100 mV). The figure and its 4> F rif) curve give 
the following information: l)The fluorescence yield 
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Chi* . P680* 




Fig . 8. Excitation trapping and electron transfer reactions in 
PS II; k, and k l are rate constants of primary charge separation 
and recombination in RC, respectively; k t is the rate constant 
of fluorescence, k„ is the rate constant of non-radiative losses 
in antenna, k d is the sum of the rate constant of non-radiative 
recombination of P680'Pheo“ state and formation of P680 
triplet state, and k t , is rate constant of semi-closure of PS II RC 
(electron transfer to Q A ). 



at constant photochemical quenching changes with a 
change in the electric potential. 2) The magnitude of 
the change in fluorescence yield at a fixed change in 
the potential depends on the degree of RC closure, 
i.e. compare 0-0 ' and I-P for the extremes (open and 



closed), respectively. 3) Saturation of photochemistry 
does not necessarily result in saturation of the change 
in fluorescence yield. 

Figure 9 points to the fact that changes in Chi fluo- 
rescence yield accompanying photochemical activity 
of the photosynthetic system can be the result of at 
least two different processes. Therefore the following 
definitions to discriminate between the two processes 
are introduced. A change in fluorescence yield at a 
constant potential in the vicinity of the reaction center 
is ascribed to (a change in ) photochemical quenching. 
The change in fluorescence yield occurring at a con- 
stant photochemical activity of the electron transport 
system is ascribed to photoelectrochemical control of 
the primary reactions in the reaction center. 

The low energy equilibrium between the singlet 
excited and the charge-separated state of the PS II 
reaction center and the dependence of the antenna 
Chi fluorescence yield on this equilibrium (Eq. 16) 
has given rise to the following hypothesis. The Chi 
fluorescence yield of PS 11 in green cells is under 
photoelectrochemical control that is exerted by the 
electric field in the vicinity of and sensed by the 
reaction center. The electric field can originate from 
the trans-membrane electric potential or from single 
local charges or dipoles. Whichever the origin, pho- 
toelectrochemical control differs from photochemical 
quenching in a sense that it can in principle occur 




potential [-25 mV/unit] 

Fig.9. Effect of electric potential (rp = <p*F/RT) on fluorescence yield under conditions differing in the degree of RC closure (see 
numbered curves and text in figure), as given by Eq. 1 6 (for quantitative description see Bulychev and Vredenberg, 200 1 ). I and P are 
fluorescence levels at saturated photochemistry in absence and presence of a photoelectrochemical effect, respectively; O and O' are at 
ceased excitation (dark) in absence and presence of photoelectrochemical effect, respectively. Fluorescence and photocurrent measure- 
ments (not shown) in chloroplasts indicate a lower time constant for lateral photopotential propagation (~2 s 1 ) than for full closure of 
RCs (~30 s ')• As a consequence, the release of photochemical fluorescence quenching (O-J-I-phase) and photoclectrochemical stimula- 
tion (I-P-phase) become distinguishable in experimental F(t) curves (cf. Fig. 1 1 ). 
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independent of chemical quenching of any sort. In 
some cases the effect of electrochemical control and 
chemical quenching can be distinguished and resolved 
due to the difference in turnover- and recovery time 
of the underlying reactions. 

I will now give a few examples of cases in which 
the fluorescence yield is clearly and for a major part 
under photoelectrochemical control: i) Changes in 
the dark fluorescence yield [<I> F ] 0 caused by single 
turnover pre-excitation(s) and, possibly related to 
this, ns-fluorescence changes upon ps-excitation; ii) 
Increase in the fluorescence yield in the light in the 
30 to 500 ms time range above the maximal level 
in the presence of DCMU (I-P rise); and iii) the 
enhancement of the increase in fluorescence yield in 
the 2 to 50 ms time range (J-I rise) in the presence 
of valinomycin. 

B. Changes in the Dark Fluorescence Yield 

It has been reported that the 1 5-25% increase in the 
dark fluorescence yield that persists in a time 
domain of minutes after pre-excitation of a dark- 
adapted system with single turnovers, is caused by 
an increase in the efficiency of radical pair recombi- 
nation in open reaction centers (Vredenberg, 2000) 
due to control by electric fields in the vicinity of the 
RC (Dau and Sauer, 1991, 1992). The likeliness and 
effectiveness of this kind of electrochemical interac- 
tion has come from measurements of flash-induced 
photocurrents in combination with measurements 
of (changes in) [<f> F ] 0 in Peperomia metallica (van 
Voorthuysenetal., 1997a; Vredenberg etal., 1998a,b). 
These measurement showed for a single leaf chlo- 
roplast a decrease in the electrical conductance of 
the thylakoid lumen and for the leaf a 15 to 25% 
increase in [<1> F ] 0 , both induced by a single turnover 
flash and with a dark recovery t ime of several minutes . 
The conductance change has been interpreted to be 
caused by a flattening of the lumen, which will alter 
the proximity of membrane proteins and is likely to 
be accompanied by changes in energy transfer within 
and between light-harvesting complexes (V redenberg 
et ah, 1998b). The change in rate constant of radical 
pair recombination k_, has been interpreted to be 
due to an altered electrostatic interaction of single 
charges (or dipoles) in the close vicinity of the RC 
(Vredenberg, 2000). A 25% increase in [<l> F ] 0 would. 
according to Eq. (16), suggest that the field respon- 
sible for this increase is equivalent to one associated 
with a local potential of about 7.5 mV Reasonable 



arguments have been given that changes in any type 
of chemical quenching can be excluded for causing 
the increase in [<h F ] 0 of the kind as discussed here. 
Figure 10 shows the O-J-I-P fluorescence curve of 
dark-adapted Chenopodium chloroplast before and 
after a single turnover saturating flash. In this case 
the flash has caused a long lasting increase in [fl> F ] 0 
of about 22%. In addition to the change in [fl> F ] 0 the 
fluorescence kinetics in the 0.01 to 1 ms time range 
(O-J phase) show, in confirmation with earlier find- 
ings (Neubauer and Schreiber, 1987; BJ Strasser 
and R. J. Strasser, 1998; Vredenberg, 2000) a lower 
yield at approximately 1 ms (J-level). These kinet- 
ics are consistent, as will be discussed in detail in 
Section IV, with the transformation of the system 
from a S 0 /S r to a S,/S 2 population due to the single 
turnover excitation (ignoring mishits (misses)). The 
flash-induced 15-30% change in [d> F ] 0 might be 
related to fluorescence changes of similar size that 
have been reported to occur in the ns-time region 
upon ps-excitation. 

There are numerous reports, starting with the pio- 
neering work of Mauzerall (1972) which show that 
the Chi fluorescence yield in chloroplasts and PS II 
preparations upon single-turnover flash excitation 
increases bi-phasically (Steffen et ah, 200 1 ). A simu- 
lation of the kinetics has been illustrated in Fig. 5. The 
fast ns-phase has been supposed to go parallel with 
the reduction of P680 + .This was taken as evidence 
that this fast increase in fluorescence yield reflects 
the release of photochemical quenching of P680 + . A 
subsequent second phase of the fluorescence rise in 
the ps time range has been attributed to release of 
carotenoid triplet quenching (Steffen et ah, 2001). 
There is as yet no direct experimental evidence for 
an alternative interpretation. However similarities 
of the ns-fluorescence changes with those in [fl> F ] 0 
in continuous light, in particular with respect to size 
(i.e. 25-35% of F 0 ), saturation, period four oscillation 
and dark recovery, would not violate an alternative 
interpretation. In this conceptual view the ns-fluores- 
cence change would reflect a photoelectrochemical 
effect on the antenna fluorescence associated with 
a change in the local electric field at the RC site 
caused by charge displacement from P680 + to the 
secondary donor Y z . The major ps-phase then would 
reflect the release of Y z + quenching associated with 
oxidation of the quencher by the oxygen-evolving 
complex (Vredenberg et al., 2002), as was outlined 
in Section II.E. 
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Fig. 10. Fluorescence induction F(t)/Fo (symbols) of Chenopodium chloroplasts (20 (ig/ml, 8 mm optical path length) in a 1 s light pulse 
(300 W m 2 ) before (left hand panel) and after single turnover saturating pre-flash (right hand panel) plotted on logarithmic time scale. 
Solid curves are best fits calculated with multi-set of ODE’s based on the double-hit TSTM) (see Eqs. 20-22 and Fig. 12 in Section 
1V.D for details and explanation). Fits indicate that S-state heterogeneity of preparation is H2% in S 0 with reduced Q B and 88% in S,. 
The control curve of the dark-adapted sample (left hand panel) is for comparison also drawn in the right hand panel (as dashed curve). 
Similarly, the dashed curve in the left-hand panel is the one after flash. Rate constants are in ms '. 
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C. Increase in the Fluorescence Yield in the 
Light in the 30 to 500 ms Time Range (l-P 
Phase) 

The final slow phase of the light-induced increase in 
fluorescence before the decline starts in prolonged 
actinic illumination occurs in the 30 to 500 ms time 
range (Schreiberetal., 1995; R. J. Strasseretal., 1995; 
and see also Fig. 1 in the chapter by R. J. Strasser et 
al. in this book). This phase usually is seen in intact 
leaves as a separate l-P phase and is above the maxi- 
mal fluorescence level in the presence of DCMU and 
other herbicides (Lazar and Pospisil, 1999; Hiraki et 
al., 2003). It has been attributed to additional static 
quenching by plastoquinone (Vernotte et al., 1979). 
It has been shown (R. J. Strasser et al., 1995) that 
the I-P phase as fraction of the total increase in the 
fluorescence yield (O-J-I-P phase) increases when 
the actinic light intensity is lowered. 

Figure 1 1 (upper panel) shows the logarithmic time 



plot of the fluorescence rise F/Fo of a leaf disc upon 
1 s light pulses of 12, 30, 60 and 125 W/m 2 intensity 
(from bottom to top). The J- and 1-levels in the F/Fo 
curve at about 10- and 1 ms, respectively decrease and 
require more time to be reached when the intensity 
is lower. These levels are not distinguishable at the 
lowest intensity. In confirmation with other reports 
(R. J. Strasser et al., 1995; Tomek, et al., 2001), the 
maximal P-level is much less variable with intensity. 
It hardly changes at intensities between 30 and 125 
W/m 2 The decrease in the fluorescence rise in the 0.0 1 
to 20 ms time domain (O-J-I-rise) with increasing 
intensity apparently is compensated by an increase of 
the rise in the 20-200 ms time range (I-P rise). At 12 
W/m 2 the I-P rise, although still appreciable, is unable 
to fully compensate the low O-J-I rise. As shown by 
others (Pospisil and Dau, 2002) the I-P phase in the 
overall curve can be approximated by an exponential 
function F IP (t). The lower panel of Fig. 1 1 shows the 
I-P- [F IP (t)] and O-J-l curves, obtained by subtracting 
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Fig . 1L Kinetics of chlorophyll fluorescence yield plotted as F/Fo, for a pea leaf disc excited by light pulses of 12, 30, 60 and 125 W 
m : (from bottom to top). Top panel is shown on logarithmic time scale: O-. J-. I-. and P-levels are marked on the uppermost curve. 
Absolute values at ( )-level (extrapolated to t 0.0 1 ms) were proportional to intensity. Left hand lower panel shows fluorescence induc- 
tion (relative to Fo), on linear time scale, of photochemical O-J-I phase (see text) after subtraction of photoelectrochemical I-P phase 
approximated (see text) from the overall induction curve (see right hand lower panel). 



F IP (t) from the overall curve, for the separate inten- 
sities that were used. It illustrates the decrease and 
increase of O-J-I and I-P phase, respectively upon 
lowering the intensity. The fluorescence curves at 
low intensities with a predominant I-P-phase shows 
similarities with those measured in chloroplasts with 
impaired PS II - and enhanced PS I activity ( Bulychev 
and Vredenberg, 2001 ). These illustrate that the I-P 
phase is promoted in association with photocurrent 
generation. 

The data support the hypothesis that the I-P rise is a 
reflection of photoelectrochemical stimulation of the 
fluorescence yield supplementary to photochemical 
quenching during the O-J-I rise. In confirmation of 
the theory (see Fig. 9) the electrochemical component 
of the fluorescence rise increases when the chemi- 
cal quenching mechanism becomes limited. This of 
course is only true as long as the electric potential 



responsible for the electrochemical fluorescence 
stimulation has not changed much, which apparently 
is the case due to a high turnover rate of PS I. 

D. Recovery of the Fluorescence Yield in the 
Dark after Illumination 

Within the context of our hypothesis on photoelec- 
trochemical stimulation of Chi fluorescence, the dark 
recovery of the fluorescence yield after a saturating 
light pulse will follow, as illustrated in Fig. 9, the P — > 
0'-> O pattern. If the recovery time of the chemical 
quenching (P -> O' phase) is different from that of 
the electrochemical control (O' -> O phase), this 
should show up in the light-off kinetics. Indeed, the 
fluorescence decline in the dark after a saturating 
light pulse has a slow phase, which is 30-40% of 
the total variable yield (not shown, but see Schreiber 
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et al., 1995; Vredenberg and Bulychev, 2002). The 
completion time of this fluorescence decline of a few 
tens of seconds is comparable with recovery times 
of changes in electrical conductance of the thylakoid 
lumen after illumination measured in Peperomia chlo- 
roplasts (van Voorthuysen et al., 1997a; Vredenberg 
et al., 1998a; Bulychev and Vredenberg, 2001). The 
slow recovery phase of the variable fluorescence is 
absent in steady-state actinic light, when as expected 
the photo-electric events have come to a saturated 
steady-state equilibrium. 

Supporting evidence of a slowly recovering light- 
induced increase in fluorescence yield related to 
photoelectrochemical stimulation rather than to re- 
lease of photochemical quenching (Vredenberg and 
Bulychev, 2002) has come from elegant experiments 
with single turnover flashes done in Paul Falkowski’s 
group ( Gorbunov etal., 1999). Their experiment (see 
Fig. 4 in Vredenberg and Bulychev, 2002) also nicely 
shows and confirms the 20-30% increase in F 0 after 
the 1st flash and the (additional) period 4 oscillatory 
pattern in the first 4 flashes (Neubauer and Schreiber, 
1987; B. J. Strasser and R. J. Strasser, 1998). 

In conclusion, the time pattern of fluorescence 
recovery after illumination gives support to the 
hypothesis that the Chi fluorescence yield of Pho- 
tosystem II is, in addition to regulation by variable 
photochemical quenching, under control of photo- 
electric events. 

E. Conclusions and Summary 

My conclusions, based on the model, experimental 
data and arguments provided in this section, are: 

1. The Chi fluorescence yield in vivo at constant 
photochemical quenching alters with changes in 
the electrical field (potential) at the RC site. 

2. The magnitude of the change in fluorescence 
yield at a given change in the electric potential 
depends on the degree of RC closure. 

3. Saturation of photochemistry does not neces- 
sarily result in saturation of the change in fluores- 
cence yield. 

4. The ns-fluorescence change upon ps-excita- 
tion reflects a photoelectrochemical effect on the 
antenna fluorescence associated with a change in 
the local electric field at the RC site caused by 



charge displacement from P680 + to the secondary 
donor Y z . 

5. The I-P phase of the fluorescence rise in pro- 
longed light pulses is a reflection of photoelec- 
trochemical stimulation of the fluorescence yield 
supplementary to photochemical quenching. 



IV. A Three-state Energy Trapping Model of 
Photosystem II 

In contrast and in addition to current two-state trap- 
ping models (for review see Lazar, 1999), the three- 
state trapping model (TSTM) considers the RC of 
PS II as an energy sink with 2 (instead of 1) electron 
trapping centers (traps). These traps are the primary 
and secondary electron acceptors (Phe and Q A , re- 
spectively). A major difference with current classic 
models is that it deals with a fundamentally different 
definition of a closed center (see Section II.C). Rather 
than following the ‘dogma’ that a reaction center is 
open or closed when the primary quinone acceptor 
Q a is oxidized or reduced, respectively we adopt a 
definition, originally proposed for the bacterial reac- 
tion center (Vredenberg and Duysens, 1963), which 
relates the open or closed state of a reaction center 
with its photon trapping capability and electron trap- 
ping efficiency. 

A. Trapping Efficiency in Open and Semi- 
open(-closed) Reaction Centers 

A reaction center (RC) is called open when the pri- 
mary quinone acceptor Q A is in the oxidized state 
and the probability for exciton transfer from the 
antenna to the RC (4> p ) is different from zero due to 
the trapping competent state of the primary donor- 
acceptor pair P-Phe (c.f. states y 0 , y 7 and y 15 in Fig. 
12. Upon trapping charge separation occurs which 
converts the donor-acceptor pair into the radical pair 
P’ -Phe\ A reaction center with a trapping competent 
state of the primary donor-acceptor pair is defined 
to be semi-open when the primary quinone acceptor 
Q a is in the reduced state (Q A “) (c.f. states y 2 , y 9 and 
y n in Fig. 12). 

The fate of the trapped exciton energy in the 
radical pair is determined by the rate constants for 
charge recombination (k_, and k d ), and for electron 
transfers (ky and k e ) from and to the secondary donor 
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Y z and acceptor Q A , respectively. The probability 
for other dissipative processes (triplet formation, 
non-radiative recombination, heat) is assumed to be 
comparatively small and is neglected. The electron 
trapping efficiency <b tr is 






k + k 

y e 

k , + k + k 

-1 e y 



(17) 



Substitution of representative values of the rate 
constants (see Table 1) in the equation above gives <b tr 
= <]> tr open = ~0.9 and <b tr = <ty° < 0.25 for open (<fy pei1 ) 
and semi-open ( <l> lr so ) RCs, respectively (see also Sec- 
tions II.B and D ). The relatively low electron trapping 
efficiency <J> tr S0 of semi-open centers is responsible for 
the fact that multiple turnover flashes are required for 
completion of energy trapping and full closure of the 
reaction centers. The semi-open state is commonly 
considered as a closed state because of the reduced 
state of the secondary acceptor. However the trapping 
competent property of semi-closed states (e.g. y 4 , 
y H and y 19 in Fig. 12) although with a low electron 
trapping efficiency, makes them functionally different 
from closed states (e.g. y 4 , y n and y 19 ). 

B. Fluorescence Yields Associated with Re- 
action Center States 

Open, semi-open (-closed) and closed reaction centers 
are functionally different in a way that they function 
as a 2-, 1- and zero-electron sink, respectively. As 



an open and closed state differ by two accumulated 
electrons, it is impossible to transfer an open RC into 
a stationary closed state by a single turnover. This 
property makes the TSTM basically different from 
the current ‘classic ’models. These models consider a 
one hit trapping mechanism. Double hit models have 
been proposed in the past to explain kinetic patterns 
of fluorescence changes in the absence of intersystem 
connectivity (Doschek and Kok, 1972; Joliot and 
Joliot, 1977; France et al., 1992) but have failed in 
getting support, probably because the presence and 
unique function of the acceptor pair [Phe QJ has 
received insufficient attention. The TSTM model 
emphasizes that an open RC of PS II is an energy 
sink with 2 traps instead of 1 . 

Let us now consider a homogeneous system with 
N open reaction centers (sinks ) which is capable of 
trapping 2N electrons. It is assumed, for the ease in 
explanation, that electron transfer at the acceptor 
side from Q A to Q B is inhibited (i.e. in the presence 
of phenyl urea type inhibitors like DCMU). These 
centers offer 2N electron traps at their acceptor side. 
Single excitation of the system leads to photochemical 
conversion of maximal N traps out of a total of 2N. 
The trapping yield in a single excitation is 0.5 and 
with a ps-time window, each of the N centers after 
excitation has an electron trapped at Q A (Q A “) because 
of the high electron transfer rate (see Table 1 ) between 
Phe - and Q A . At the donor side the positive charge 
becomes stabilized in the OEC, transferring it from 
its dark-adapted S r state into S 2 (y2, see Figs. 3 and 
12). Centers of this type with Q A ~ have been called 



Fig. 12. Symbolic representation of reaction pattern and -intermediates associated with multiple-hit requiring closure of dark-adapted 
open reaction center (RC) with oxygen evolving complex (OEC) in state S x (designated as y 0 ) in green cells and chloroplasts. The final 
closed state is designated with y 19 . A vertically stacked box pair represents primary donor-acceptor pair P-Phe of RC; horizontally at- 
tached boxes at bottom and upper position are secondary donor (Y z ) and -acceptor (Q A ), respectively. Bold faced, right side oriented, 
horizontal, open and closed arrows mark light excitation and Q A reduction with rate constants k L and kg, respectively; thin pointing 
arrow marks Y z oxidation with rate constant k^ in which i(=l . . .4) refers to state Si of the OEC. Left-directed, open, horizontal arrows 
mark the charge recombination of radical pair P + -Phe~ with rate constant k v Downward pointing arrows mark e-transport from OEC to 
oxidized secondary donor Y z + with rate constant k^ determined by the S-state involved; upward directed arrows mark electron transfer 
to secondary quinone acceptor Q B (designated with B), with rate constants k AB1(2) (see further insert). A box filled with plus (+) or minus 
(-) sign means that its representative reaction component is oxidized or reduced, respectively. Small semi-circular arrows in boxes in 
the 4th and 5th row symbolize sharing of electrons on Phe and Q A , symbolically equivalent with double reduction of Q A . 

Single excitation of a dark-adapted open center y 0 , assuming inhibition of electron transfer beyond Q A leads to the state y l with an 
electron trapped at Q A . At the donor side positive charge in y L is stabilized in the OEC, transferring it from S x into S 2 state and repre- 
sented by y 2 . This type of centers (see also fig. 2) is called semi-open (-closed). Full closure of y 2 via intermediate state y 2 RP and y 3 into 
y 4 requires second (and following) excitations. Semi- and full closure of open RCs is accompanied by an approx, three- and five fold 
increase in <D f , respectively. 

The model is presented in a form to facilitate quantitative description and solution of the set of differential equations underlying the 
reaction pattern of transition steps and associated fluorescence induction. For further details, see text. Owing to established efficient 
fluorescence quenching by P + and, as assumed here, by Y + z , the relative variable fluorescence yield for each state in upper three lines is 
rFv=0. Similarly in 4 th line with semi-open (y 2 , y 9 , y 17 ) and so-called quenched closed states (y 2 RP , y 3 , y^, y 10 , y 17 RP , y 18 ) rFv=0.5. In the 
bottom line are closed states with rFv=l. 
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semi-open (-closed) in this model. Semi-closure of 
open RCs, which results in conversion of 50% of 
the available sinks, consequently is accompanied by 
a decrease in the photochemical yield of the system 
from 4> p to 4> p /2. The complimentary relation between 
photochemical and fluorescence yield then dictates 
an increase in fluorescence yield (fl> f ) from fl> f ° = 
1 - <£> p to 4> f S0 = 1 - <f> p /2 (superscripts refer to open 
and semi-open state, respectively). Thus with an 
average value <& p '-0.8 found for healthy green cells 
(Samson et al., 1999), the single hit semi-closure 
of open RCs is accompanied by an approximately 
three-fold increase in <t>, from 0.2 to 0.6, which is 
in full agreement with published data (Hemelrijk 
and van Gorkom, 1992; Samson and Bruce, 1996; 
Gorbunov et al., 1999; Samson et al., 1999; Steffen 
et al., 200 1 ) and with theoretical approximation (see 
Section II. D). 

Full closure of semi-open centers requires second 
(and subsequent) excitations, because of the low 
electron trapping efficiency as discussed before. It is 
accompanied by an increase in <I> f ff om <f> f so = 1 - fl> p /2 
to fl> f c = 1, which means, relative to the open state 
an approximately five-fold increase in <t> f from 0.2 
to 1.0. This also is in harmony with published data 
(Schreiber, 1986; R. J. Strasser et al., 1995; Lazar 
and Pospisil, 1999; Vredenberg, 2000). 

The RCs can be characterized by their associated 
relative variable fluorescence yield rFv with, by 
definition, rFv = [<b f - <£> f 0 ]/ <b f ° ). Accordingly rFv 
for open, semi-open and closed centers is rFv 0 = 0, 
rFv S0 = 0.5 and rFv c = 1, respectively. 

C. Fluorescence Quenching 

The increase in fluorescence accompanying the light- 
induced transfer of an open reaction center into its 
semi-closed form has been ascribed to the release of 
the photochemical quenching by Q A due to its reduc- 
tion to Q a (Duysens and Sweers, 1963). Similarly one 
can ascribe the fluorescence increase accompanying 
the transfer of a semi-open reaction center into its 
stable closed state to the release of quenching by Phe 
due to the its reduction to Phe - . However this appears 
to be in disagreement with results of Klimov et al. 
(1977, 1981). Klimov and coworkers have concluded 
that Phe - is a quencher of PS II Clil fluorescence. Later 
I will discuss this seeming discrepancy whether Phe 
or Phe - is a quencher. I will first deal with the donor 
side quenching. 

It has been discussed (see Section II. D) that the 



PS II Chi fluorescence yield after accumulation of 
Q a - remains low as long as P + or Y + z is present. The 
kinetics of the fluorescence increase of which the 
major part occurs in the 10-100 ps time domain do 
not follow P + reduction kinetics (Steffen et al ., 200 1). 
This kinetics is in reasonable agreement with those 
predicted for OEC-oxidation in an S, state by Y + z 
(Figs. 5 and 6). A small and fast ns-fluorescence 
rise which is commoMy observed after a saturating 
laser flash presumably reflects an electrochemical 
response, as discussed in Section II.C. 

With quenching properties of P + and Y + z as out- 
lined above we can conclude that, starting with the 
dark-adapted open state y 0 (see Fig. 12), the relative 
variable fluorescence yield of the intermediary states 
in the upper three rows is rFv = 0.1 assume that PS II 
donor side quenching also applies to the early steps 
after excitation of the semi-closed states (i.e. for the 
transfer states y/ p , y 3 , y 9 RP , y 10 , y n RP , and y 18 , see Fig. 
12). Tlris means rFv = 0.5 for all states in the 4 th row 
in Fig. 12. Under strict anaerobic reducing conditions 
for which y 17 might be representative for the starting 
dark situation, except that the OEC presumably is 
m S, a light-induced quenching has been reported 
to occur and ascribed to Phe-quenching (Klimov et 
al., 1982). The present model with rFv=0.5 for states 
y 17 RP and y 18 then apparently does not apply for these 
special conditions. The reason for the difference is 
unknown as yet. 

D. The Three-State Energy Trapping Model: 
Mathematical Analysis and Simulation of 
Fluorescence Curves 

I will follow further the symbolized representation 
of the reaction pattern and intermediates associated 
with the frill closure of an open reaction center in 
its S r state (y 0 ) upon a multi-turnover light pulse as 
shown in Fig. 12. The transfer rate of each of the 26 
st ates can be quantified in terms of the rate constant 
of light excitation (k L ) and charge recombination (k ,) 
in the RC (with k d ignored because k d < k ,), and the 
rate constants of primary electron transfer between 
P680 + and Y z (k^) and between Y z + and OEC (k si , i = 
1 , . . .4) at the donor side, and between Phe - and Q A (k e ) 
and between Q A - and the secondary quinone acceptor 
Qb (k AB i, 2 ) at H ie acceptor side of PS II, respectively. 
Transient intermediates associated with light excita- 
tion and charge separation in the states in the 2 nd line in 
Fig. 12 (for instance state y s RP [Y z + P + Phe - QJ formed 
after excitation of y 5 ) have been omitted because of the 
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high rate of primary electron transfer at donor and/or 
acceptor side relative to the time window ( 1 0 ps). The 
open and closed states of the RC in S, are designated 
with y 0 and y 19 , respectively. Recovery of states with 
Q B 2_ via oxidation by the plastoquinone pool has been 
omitted for illustrative reasons, except for y 19 , and 
because of the relatively low time constants (1 s -1 ) as 
compared to those of the reactions considered here. 
Similarly back reactions between Q A ~ and Q B “ with 
S-states are not considered. 

The time function of the relative concentration of 
an intermediate state (y/t), j = 0,..„ 19) is obtained 
from the numerical solution of the set of 26 differential 
equations, one for each individual state (see Section 
II.D). A similar approach but based on a single hit 
2-state trapping model, and ignoring donor side 
quenching beyond P + , has been used by others (Lazar 
et al., 1997b; Stirbet et al., 1998; Lazar, 2003). The 
figure is meant to visualize at each box (state) the 
corresponding equation. For example: 

^ = k e yf + k sl y 6 + k^ - (k 2 + k^y, (1§) 

The time pattern of the relative variable fluores- 
cence yield for an intermediate state [rFjV(t)] is 
obtained by multiplying for each individual state 
the relative concentration y d (t), with its associated 
variable fluorescence yield rFjV 

rFjV(t) = y.(t)- rF.v (19) 

The numerical solution of the time course of the 
relative fluorescence yield ( rFv) of a system with as- 
sumed independent (separate ) PSUs is then obtained 
by summation 

rFv(t ) = rFv(t, k L , k , k_ L , k yi , k , , k AB1 , ) 

= X] rF j v ( t ) (20) 

j 

for i = 1 . . A, or in an alternative representation 
F(t) = F(t, k L ,k e ,k_ 1 , k yi ,k s .,k AB1 ,k AB2 ,O p ) 

= l + ~ — ^-rFv(t) (21) 

p 

in which for the open state rFv(t)=0 and F(t) = 1 and 
for the closed state, with rFv(t) = 1 , F(t) = 1/(1 — c|> p ) 



where <|} p is the photochemical efficiency of PS II. For 
a dark-adapted system with heterogeneity in S-states 
the expression of the fluorescence induction is 

F^^crF/t) (22) 

i 

in which cr 1 (i = 0...3) is the fraction of the population 
in the S=S t state, Sky = 1 and F t (t) is as defined before 
for F(t) with S=S,. With a two fold heterogeneity the 
estimation of F(t ) requires the numerical solution of 
52 ODEs which is relatively easily accomplished with 
proper routines in available mathematical software 
like Mathcad 200 li (MathSoft, Inc, Cambridge, 
Mass., USA). In general a dark-adapted sample has 
a two fold S/So heterogeneity with a 0 = 0.25 and 0 [ 
= 0.75 (see Eq. 22). 

Let us now, as an example, consider the case in 
which a dark-adapted homogeneous system with 
independently operating PSUs and all RCs in a 
S,-open state (o, = 1) is excited in the presence of 
DCMU by a single turnover laser flash. In that case 
the reaction pattern simplifies to the transfer of y 0 
via y, into y2 (see Figs. 3 and 12). Assuming the 
laser excitation occurs at a rate k L ~ 10 8 ms -1 and the 
S! to S 2 transition with a rate constant k sl = 10 ms -1 
(see Table 1), the time patterns of y 0 , y, and y 2 can 
be derived, as we have seen even quantitatively (Eqs. 
12-14). With a hypothetical signal detection time 
window of 1 ps the transfer from y 0 into y ,, which 
occurs in 50 ns, cannot be resolved (see Fig. 3). The 
relative variable fluorescence yield is now, according 
to Eqs. (19) and (20) 

rFv(t) = rFv(t, k L , k sl ) = y,(t) • rF,v + y 2 (t) • rF 2 v 

(20a) 

Because 50% of the electron traps (100% Q A ) is 
occupied (reduced) iny, andy 2 , both states are semi- 
open and rF,v= rF,v = rF so v = 0.5. Substitution of this 
value in Eqs. 20a and 22 gives the analytical result for 
F(t) as shown in the right hand panel of Fig. 5. The 
result of this simulation shows (with <&p=0 . 8) a three- 
fold rise in fluorescence within the response time. The 
discrepancy between this simulation (Eq.20a) and 
experimental curves has been discussed (Section II.E) 
in terms of evidence for donor side quenching after 
reduction of P + . Persistent quenching in the presence 
of Y z + predicts a close relation between the rate of 
quenching release with the rate of Y z + reduction i.e. 
the rate of OEC oxidation. The fact that the rate of the 
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fluorescence increase in the second of a multiple flash 
train is lower (BJ Strasser and R. J. Strasser, 1998) 
supports the assumption of fluorescence quenching 
by Y z + (Vredenberg, 2000). 

Due to donor side-quenching the variable fluores- 
cence yield of the states y 6 , y 14 , y,, y 8 , and y 16 (Fig. 
12) can be assumed to be zero, rFv = 0. This means 
that for all states in the upper three lines in Fig. 12, 
rFv = 0. Similarly states y 2 RP , y 3 , y 9 RP , y 10 , y 17 RP y 18 
are donor side-quenched states with, like y 2 , y 9 , y 17 , 
rFv = 0.5. Taking together the fluorescence F(t) of a 
homogeneous dark-adapted system of independent 
functioning PSUs upon a multi -turnover light pulse 
and a, = 1 is determined by the reaction pattern as 
given in Fig. 12 and can be solved numerically ac- 
cording to Eqs. 19 and 20 with 

rFv(t) = y 4 + y„ + y 19 + 0.5 (y 2 + y 3 + y 9 + 

Yio + y,7 + Yi* + y 2 RP + yf + yff) (20b) 

Eqs. (20b), (21), (22) are used for analysis and 
simulation of the fluorescence curve upon light ex- 
citation by either single or multi-turnover turnover 
flashes. 

The fluorescence time curve F(t) is dependent on 
k L (but see also R. J. Strasser et al 1995; Tomek and 
Lazar, 2001). Variation of k L is a simple non-invasive 
means to get quantitative insight in the actual values 
of the rate constants of primary and secondary elec- 
tron transfer reactions around PS II (see Table 1 for 
a survey). The features of the model and its analyti- 
cal treatment are now illustrated for some particular 
conditions with known effects on rate constants of 
the primary electron transfer reactions at the donor 
and the acceptor side of PS II. 

E. Fluorescence Induction in Is- Multi-turn- 
over Flash Before and After a Single Turnover 
Pre-flash 

Pre-illumination of a dark-adapted leaf, or a suspen- 
sion of chloroplasts, with one or more single turnover 
flashes causes significant alterations in the kinetic 
pattern of the fluorescence induction (Sclireiber and 
Neubauer, 1987; BJ Strasser and R. J. Strasser, 1998; 
Vredenberg, 2000). F(t) curves in a dark-adapted 
chloroplast preparation before and after a single 
turnover pre-flash show marked differences (Fig. 
10). As compared to the dark-adapted sample the 
pre-flashed system shows a higher initial fluorescence 



Fo' (in this case ~22% higher) and a lower J-level 
in the time domain between 1 and 3 ms. Changes in 
F(t) caused by pre-illumination can be interpreted 
and quantitatively simulated in terms of the TSTM 
(Fig. 12). For the analysis of Fig. 10 (see its legend ) 
it has been assumed that i) the dark-adapted sample 
contains a o 0 -fraction of the RCs in [S 0 ]Y Z P Phe 
Qa [Q- b ] (not shown in Fig. 14 but similar as y 7 , 
except that S 2 is replaced by S 0 ) and a a, (= 1 - a 0 ) 
-fraction in [SJY Z P Phe Q A [Q B ] (y 0 ), and ii) the 
mishits (misses) and double excitations (hits) of the 
single turnover pre-flash are absent. The F(t) curves 
in terms of the model are now determined mainly by 
the difference in the initial state of the fractions at the 
onset of the multi-turnover pulse. After a pre-flash 
the o 0 - and a, -fraction are transferred into [S,]Y Z P 
Phe Q a [Q b ] (y 0 ) and [S 2 ]Y Z - P -Phe-Q A [-Q~ B ] (y 7 ), 
respectively withrFv~0.05 for both states to account 
for the increase in F 0 . The closest fits for both curves 
are with a 0 ~ 0. 12 and k L = 5.9 (see the legend of Fig. 
12). The best fits were obtained by a slight change in 
the rate constants ofY z - and OEC[S 2 ] -oxidation (k^ 
and k s2 , respectively). 

F. Fluorescence Induction in the Presence of 
3(3, 4-Dichlorophenyl)-1 , 1-dimethylurea 

DCMU and other phenylurea- and triazine-type her- 
bicides inhibit electron transport at the acceptor side 
of PS II. This means, in terms ofthe model (Fig. 12), 
that in the presence of such inhibitor k AB1 = k AB2 = 0, 
and only transfers of states y 0 (open) and y 2 (semi- 
closed) towards y 4 (closed) via their intermediates are 
involved. Figure 13 illustrates and confirms (e.g. see 
Lazar and Pospisil, 1999; Vredenberg, 2000; Hiraki et 
al., 2003) that addition of DCMU in the dark causes, 
as compared to the dark control: i) an increase in the 
initial fluorescence level (yield ) at the onset of illumi- 
nation (F(0)/Fo> 1); ii) a lower maximal yield Fm in 
the light, and; iii) an enhancement of the fluorescence 
rise which, except fora small slowphase is completed 
within 1-2 ms. Figure 14 gives a representation ofthe 
reaction patterns and intermediates of the transfers 
involved in the presence of DCMU. 

There is general agreement that after dark adap- 
tation for several tens of minutes one deals with a 
heterogeneous chloroplast population in terms of the 
energy state of the OEC, with major heterogeneity 
in S, and S 0 . The S f /S, ratio has been reported to 
be approximately 25/75 (Rutherford et al., 1982). 
Ample evidence has accumulated that the higher 
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chloroplasts +/- dcmu 





Fig. 13. Fluorescence induction F(t) in 1 s light pulse in Chenopodium chloroplasts (11 pg Chi ml optical path 4.5 mm) in absence 
(diamonds) and presence of 20 pM DCMU (triangles), respectively, plotted on logarithmic (left panel); right panel shows the first 40 
ms data on al linear scale. Solid curves are quantitative fits made with TSTM (Eqs. 20-22). Optimalization was not done; the best fit 
was found by trial and error. Dashed curve in both panels is calculated F(t) in case of [3 = 0. F(t) has not been resolved for the photo- 
electrochemical 1-P phase in the 50-1000 ms time domain. Fit parameters are given in the table below. 
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F-level at the onset of illumination in the presence 
of DCMU as compared to Fo (i.e. F/Fo > l at t=0) is 
due to the presence of centers with Q A . In terms of 
the TSTM, these are classified as semi-open centers. 
They originate from dark-adapted centers which, in 
the absence of DCMU, have semi-reduced Q B (Q B “). 
It has been argued (Velthuys and Amesz, 1974) that 
the equilibrium constant between Q A and Q B ~ is 
lowered in the presence of the inhibitor causing an 
increase in Q A under conditions where Q B ~ is pres- 
ent and consequently an increase in fluorescence. 
As an average one finds that F/Fo = 1.25 - 1.5. For 
the experiment illustrated in Fig. 15, F/Fo ~ 1.5 and 
Fv/Fm (= 1 - Fo/Fm) ~ 0.8. It follows then that the 
P-fraction of Q B ~ -centers in this preparation before 
DCMU addition is equal to ~ 25%. 

The close correspondence between the fractional 



size of semi-open centers after herbicide addition 
calculated from F/Fo at t=0 and those reported for 
the S 0 state after dark-adaptation, leads us to assume 
that the fractions are identical. This assumption was 
supported by the result of the analysis of the fluo- 
rescence curve in the presence of herbicides. These 
curves (Hiraki et al., 2003), like the one in Fig. 13, 
show a clear final rising phase in the 1 - 30 ms time 
region. This phase can only be fitted with a double 
hit model and by assuming a non-zero fraction (|3) 
of semi-open centers at the onset of illumination. 
Moreover, the time constant of the slow fluorescence 
rise also points to an association with S 0 centers. The 
consequence of ignoring a P-fraction of S 0 centers 
(P = 0) on the fluorescence curve is also shown in 
Fig. 13 (dashed curves). 
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Fig. 14. Representation of reaction patterns and intermediates of transfer of ( 1 - p) fraction of open ( 1 st row, left) and semi-closed reac- 
tion centers (2 nd row, left) into semi-closed (2 nd row, right) and closed form (4 th row, right), respectively in light pulse (excitation rate 
k, ) in presence of DCMU. The OEC of this fraction is assumed to be in state S,; RC is symbolized with [S,] Y z PPhcQ v The p fraction 
is assumed to be in semi-open state [S 0 ]Y Z P PheQ A (3rd row, left) with transfer into closed state (5 th row, right), p fraction allows for 
F/Fo> 1 at the onset of light in the presence of herbicide. Further simplifications are i) initial excitation and charge separation steps are 
combined, and ii) low efficiencies for losses different form photochemical storage (heat, non-radiative charge recombination, triplet 
formation) are assumed. The location of the 2nd electron trapped at acceptor side is not specified, and is designated with [PheQ J 2 . 
A net positive charge (+) in transfer pathway between OEC and RC is assumed to cause photochemical quenching. Release of this 
quenching is designated to occur with rate constants k,°, k 2 ™ and k o sw ; k c is rate constant of Q A reduction. Relative variable fluorescence 
yields (rFv) are given in the right column. 



The transfer (closure) of semi-open S () -centers 
(see 3 rd row in Fig. 14) occurs with rate constant 
k 0 so ~ kL * 4> tr so ~ k L * ky 0 /( ky 0 + k.,) ~ 10 2 ms 1 for 
k L ~ 4.5, ky 0 ~ 8. 10 3 and k_, ~3.10 5 ms T This cor- 
responds with an electron trapping efficiency of the 
semi-open S 0 centers O so tr of ~ 2% and a relaxation 
time of the slow phase of the fluorescence increase 
in the presence of herbicides of about 10 ms. In 
addition there is, in confirmation with the model 
(Figs. 12 and 14) close correspondence between the 
amplitude of this slow phase and the magnitude of 
the increase of the initial fluorescence after DCMU 
addition, p = Fo'/Fo -1 . 

F(t) curves in the presence of DCMU (Fig. 13) 
show two particular properties. Firstly the DCMU- 
fluorescence curve is multi-phasic (exponential). The 
exponentials have, according to the model (Fig. 14), 
rate constants k,°, k 2 so , k 0 so , that are determined by the 
electron trapping efficiencies in the open [S,]y 0 and 
semi-open [S 2 ]y 2 and [S 0 ] y 2 states, respectively and 
the excitation rate k L (see earlier and Fig. 14). Thus 



far, the multiphasic F(t) in the presence of DCMU 
has been interpreted in terms of single hit trapping 
models in connection with antenna- size heterogene- 
ity of PS II (Melis and Homann, 1975, 1976; Melis 
and Duysens; 1979; Sinclair and Spence, 1988; Hsu 
and Lee, 1995; Lazar et al., 2001, 2003). Further, 
the rate of the initial F(t) rise in the dark-adapted 
state in the presence of DCMU is higher than in 
the absence of the inhibitor (see Fig. 13, right hand 
panel). This increase in rate can be understood if it 
is presumed that DCMU addition causes an increase 
in the electron trapping efficiency of an open center. 
The analysis of the present experiment shows that 
d>° (r has changed from 0.20 to 0.88 after addition of 
DCMU This change originates (see the legend of Fig. 
13) from an increase in the rate constant of primary 
reduction of Q A (k e ), in this preparation from (16 
ns) -1 to (3 ns) -1 , together with an ~8-fold decrease 
in the radical pair recombination (k.,) from (3 ns) -1 
to (25 ns) -1 in the presence of DCMU. A relatively 
low value of k e (or its equivalent O 0 tr ) is sometimes 
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fluorescence under extremes 




Fig. 15. Simulation of relative variable fluorescence yield rFv in Chenopodium chloroplasts after donor side inhibition with hydroxylamine 
before (lowest curve) and after PS 1 activation. For comparison acceptor side inhibition with DCMU is also illustrated (upper curve) 
and the OJIP fluorescence curve of a Chenopodium leaf. Experimental curves of donor side inhibition before and after PS 1 activation 
can be found in the original publication of Bulychev and Vredenbcrg (2001 ). 



found in control chloroplasts and is probably associ- 
ated with sub-optimal conditions during isolation. 
A low electron trapping efficiency of open centers 
apparently has no effect on F v /F m (<h p ), which in the 
present experiment was about 0.83 

G. Fluorescence Induction after Donor Side 
Inhibition 

Electron transport at the donor side of PS II is sensi- 
tive, among other treatments, to extreme temperatures 
and several chemicals (Schreiber and Berry, 1977; 
Bilgeretal., 1987; Havauxetal., 1991; Guisseetal., 
1995; Srivastava et al., 1995; Lazar et al., 1997a). 
Hydroxylamine at concentrations in the 0.1-1 mM 
range is a potent inhibitor of this electron transport 
(Schreiber and Neubauer, 1987). The fluorescence 
induction curve in a 1 s multi-turnover light pulse, 
after inhibition of electron transport, shows a char- 
acteristic time pattern (Bulychev and Vredenberg, 
2001). A small but distinct initial rise, completed 
within 1 ms, is followed by a decline towards a station- 
ary lower level that is somewhat above the original 
Fo level. This curve shows strong similarities with 
the one after heat treatment (BJ Strasser, 1997). The 



initial peak, which in general is at the shorter time 
than the J-level (see Fig. 15) has been termed the K 
peak. It has been suggested (Guisse et al., 1995) that 
the K-level is related to inactivation of the OEC. The 
double hit TSTM (Fig. 1 2) allows an identification of 
the intermediate state with which the K-level is as- 
sociated. It suggests that this level is the reflection of 
the transient accumulation of y 2 [S 2 ] Y z P Ph Q A [Q B ] 
which will decline to y 7 and after further excitations to 
y 14 and finally to a state [S 2 ] Y z + P + Ph Q A [Q B ] . In fact 
the F(t) curve with donor side inhibition can easily be 
obtained from the simulated control by substituting 
k y2 = 0. This means that the hydroxylamine action 
is apparently at the level of OEC oxidation where it 
inhibits S-state transfer or charge accumulation in 
the Mn-complex (Yachandra et al., 1 996). The higher 
steady state rFv level above zero in the light (Fig. 1 5) 
is ascribed to the electrochemical effect on the rate 
of radical pair recombination, affecting Fo (see Sec- 
tion 1II.B). Chloroplasts with donor side inhibition 
of PS II have been a useful assay for studying the 
(photo-) electrochemical effects initiated by PS I on 
fluorescence (Bulychev and Vredenberg, 2001). 
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Fig. 16. Experimental (solid lines) and simulated (symbols) kinetics of chlorophyll fluorescence yield, plotted as F/Fo, in pea leaf disc 
a light pulse of 12 W m 2 intensity in presence (triangles) and absence (diamonds) of valinomycin (left panel, logarithmic time scale). 
The right panel shows the first 40 ms of these fluorescence kinetics associated with release of photochemical quenching (O-J-I phase) on 
a linear time scale. Simulation was made by bi-exponential fit of curves in the 20 - 2000 ms time domain (I-P phase) and by parameter 
optimization after solving the multi-set of differential equations underlying a double hit trapping model (Eqs. 20-22) and emphasizing 
donor-side fluorescence quenching beyond P to be controlled by rate constant of radical pair recombination. Fit parameter values are: 
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H. Fluorescence Induction in the Presence of 
Valinomycin 

Figure 16 shows the F/Fo curve of a leaf disc be- 
fore and after treatment with 10 jliM valinomycin 
(VMC) in a 12 W m 2 light pulse. VMC causes i) an 
~ 20% lowering of the P-level and no change in the 
O-level (Fo), ii) an ~ 65% increase in the O-J-I rise 
concomitant with a decrease in the I-P rise and, as 
shown in the right hand panel iii) little effect on the 
initial rate of the O-J-I fluorescence rise (Vredenberg 
and Bulychev, 2003). 

The decrease in the I-P-phase caused by VMC, 
that is known to reduce photopotential generation 
(Bulychev and Vredenberg, 1999, 2001), gives sup- 
port for the earlier conclusion (Section III. C) that this 



phase reflects a photoelectrochemical fluorescence 
response. The rate at which the fluorescence rises in 
the light in the 1 to 20 ms time region is considerably 
increased in the presence of VMC, in contrast to an 
unaltered initial rise during the first 1 ms (Fig. 16). 
This has been discussed to point to an altered trap- 
ping property of semi-open RCs in the presence of 
VMC (Vredenberg and Bulychev, 2003). 

The analysis and simulation of the full O-J-I-P 
induction curve in the presence and absence of VMC 
(Fig. 1 6) show that the major, if not exclusive, effect 
of valinomycin on the primary reactions of PS II is on 
the rate of radical pair recombination in the light. A 
reduction with a factor 10 3 from k_,~10 5 to 10 2 ms -1 
with only marginal changes, if at all, in the other 
rate constants, gives a good fit for the F(t)/Fo curves 
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in the absence and presence of VMC. The reduction 
of k_[ down to 10 2 ms -1 causes the electron trapping 
efficiency of semi-open centers (O so tt = / (k^ + k ,), 

see Section IVA) to become close to 1 and indepen- 
dent of the S-state of the OEC. Consequently, the 
rate of closure of these centers is enhanced. It should 
be noted that, from a kinetic point of view, the rate 
constants in the light for Y z + - reduction (k^) could 
have been increased with the same factor instead of 
the decrease in k , . However this would give unlikely 
high values for these rate constants. 

A much lower value than k ,~10 5 ms -1 , which has 
been reported for light conditions (Roelofs et al., 
1992 ) has been concluded to exist in the dark (Vre- 
denberg, 2000). The dark fluorescence yield under 
maximal photochemical quenching (Fo) was shown 
to be associated with a rate constant of radical pair 
recombination in the RC that was much lower than 
after pre-illumination even with a single turnover 
flash. The magnitude of the 15 to 25% increase in 
Fo after single flash excitation (Fig. 10 ) has quanti- 
tatively been shown to be in agreement with a more 
than 100-fold increase in k , towards a value of ~10 5 
ms -1 and stable for a dark period of minutes (Vre- 
denberg, 2000). 

It is tempting to conclude that VMC i nhibits the 
commonly observed increase of the rate constant of 
radical pair recombination of the RC in the light as 
reflected by an increase in Fo (see III.B). Further 
experiments are required to study this effect of VMC 
in relation to its activity as an ADRY agent and to 
test whether or not other ADRY agents (Renger, 
1972, 1983) share the property of valinomycin in 
interacting with the energetics of excited and charge- 
separated states within the photosynthetic reaction 
center of PS II. 

H. Conclusions and Summary 

My conclusions, based on the model, experimental 
data and arguments provided in this section, are: 

1 . RCs of PS II function as a two electron traps 

2. Multiple hit exciton trapping in PSU results in 
a cascade of transfers of various PS II states with 
a mixed population of semi-open and closed states 
and is accompanied by an ~5-fold increase in the 
fluorescence yield of the Chi antennas. 

3. The electron trapping efficiency of semi-open 



centers with reduced Q A is low, but not necessar- 
ily zero. 

4. Mathematical analysis of the transfers of PS II 
states in multiple excitations is a promising ap- 
proach to understand and interpret fluorescence 
kinetics in the light in terms of the rate constants 
of primary reactions at donor and acceptor side 
of PS II. 



V. Concluding Remarks, Controversies 
and Perspectives 

The present contribution challenges some core ele- 
ments of current views and adopted interpretations 
regarding Chi fluorescence kinetics in relation to trap- 
ping and quenching. It adds on views and data with 
respect to photo-electrical effects in vivo. I will briefly 
deal with points where opposing interpretations be- 
come apparent. Prospects for further evaluation and 
clarifications are outlined where possible. 

A. Photoelectrochemical Control of Photosys- 
tem II Chlorophyll Fluorescence 

Available data presented in Section III strongly 
suggest that the Chi fluorescence yield of PS II is, 
in addition to regulation by variable photochemical 
quenching, under control of photo-electric events. 

There is need for experimental confirmation of the 
suggestion, based on the kinetic analysis of separate 
electrical and fluorescence experiments, that the ns- 
fluorescence increase inps-excitation is a response to 
a change in electrical field strength at the site of the 
reaction center associated with charge transfer from 
P680 + to Y z , rather than to a release of photochemi- 
cal quenching. 

B. Donor Side Quenching and Sigmoidicity 

The single and double hit trapping models and the 
rate equations underlying the fluorescence induction 
in the presence of DCMU (Eqs. 14 and 20a) predict 
a sigmoidal curve Figs. 6, 11 and 13-insert). In my 
view, sigmoidicity arises from the fact that (semi-) 
closure of the RC is governed by two independent 
reactions occurring with rate constants k L and k sl , 
respectively with Y z + being an efficient fluorescence 
quencher. The ‘degree’ of sigmoidicity, or better the 
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lagtime period of initial curvature is determined by 
the ratio between k L and k sl (Vredenberg et al., 200 1 ). 
It decreases with k J k sl ratio far above or below 1 
(Eqs. 14a and 14b), as confirmed by experimental 
data (e.g., Figs. 5 and 1 1). It is not surprising that in 
general fluorescence induction curves in prolonged 
light pulses have been found to be sigmoidal. This 
presumably is because most of the fluorescence 
experiments reported so far have been done with 
either home built or commercially available set-ups 
in which, under optimal conditions the excitation 
rate k L during a light pulse will have been close to 
the rate constant k si (i = 1 - 4) of Y z + -reduction. For 
instance, with a chloroplast density of 10 pg Chl/ml, 
a RC density of 0.004 and at a photon fluency rate 
of 0.4 pmol/cm 2 .s, k L ~10 ms' 1 which is close to that 
of k si (see Table 1). 

There have been reports dealing with sigmoidicity 
of the fluorescence induction with DCMU in relation 
to a double hit trapping mechanism to understand 
fluorescence kinetics in pulse-probe experiments 
(Mauzerall and Greenbaum, 1989; Valkunas et al., 
1991; France et al ., 1 992). The results of the Valkunas 
group (Valkunas etal., 1991; France etal., 1992)have 
been challenged (Hemelrijk and van Gorkom, 1992). 
They show approximate equal fluorescence emission 
in ns-laser and ps-Xe flashes, seemingly indicating 
no effect of double hits in the latter. Flowever this 
would not be expected, because the electron trapping 
efficiency of second excitations in the time domain 
of tens of ps is extremely low due to the presence of 
Y z + in this time domain after a first excitation (e.g. 
state in Fig. 3). 

Energy transfer between PS II units, usually 
denoted as PS II connectivity or grouping (Joliot 
and Joliot, 1964; R. J. Strasser, 1981), has been rec- 
ognized (see Section II. F) for its influence on the 
fluorescence induction curve in particular the initial 
phase in the presence of DCMU (Melis and Homann, 
1975; Geacintov and Breton, 1987; Lavergne and 
Trissl, 1995). In the classical concept the relation 
between the fraction of centers with Q A ~ (i.e. semi- 
closed centers) and the relative variable fluorescence 
yield rFv(t) is non-linear (i.e. hyperbolic) if there is 
energy transfer (connectivity) between units (Eq. 10). 
The comiectivity theory predicts that J (degree of 
sigmoidicity) is independent of light intensity, i.e. 
excitation rate k L (Eq. 1 1). Lazar et al. ( 2001 ) have 
interpreted experimental data on F(t), measured at 
various k L below or equal to 6 ms' 1 , to be in harmony 
with the theory on J being independent of light inten- 



sity. However their experimental data do not warrant 
this conclusion because of a serious mistake made 
in the data analysis: authors should have realized 
that with excitation rates around k L = 6 ms' 1 one is 
not allowed to take the dark fluorescence level Fo at 
t=70 ps, as was done, because there rFv(t) ~0.3 which 
means 30% above the Fo level. 

Thus caution is required to use the sigmoidicity 
of the fluorescence induction curve as a prime and 
sole indicator of antemia connectivity. One must 
discriminate between the ‘sigmoidicity’ effect due to 
donor side-quenching (discussed in this chapter) at 
excitation rates close to the rate constant of the release 
of this quenching, i.e. to that of the oxidation of the 
OEC, from that due to antenna connectivity. 

C. Single or Double Hit Trapping: Sub-maxi- 
mal Fluorescence Increase Associated with 
Release of Photochemical Quenching in 
Single Turnover Excitation in the Presence of 
3(3, 4-Dichlorophenyl)-1 , 1-dimethylurea 

The three-state trapping model predicts 50% of the 
maximal fluorescence increase in a single turnover 
excitation, corresponding with ~ threefold increase 
from Fo to F = F so ~ 3 *Fo. Interestingly, a vast amount 
of published data on fluorescence induction in the 
absence of DCMU appears to be in (better) agreement 
with the TSTM: a single turnover is unable to initiate 
a fluorescence increase from Fo to F = Fm a 5*Fo. 
In the ‘classic’ concept this inability is commonly 
interpreted in terms of photochemical quenching of 
PS II fluorescence by PQ (see Vemotte et al., 1979; 
Lazar, 2003). 

However, pump and probe experiments with algae 
and chloroplasts in the presence of DCMU (Schreiber 
and Krieger, 1996; Schreiber, 2002) show that the 
fluorescence yield after a single turnover rises from 
Fo to a level F ~ 4.5*Fo > 3*Fo (see Schreiber 2002, 
Fig. 8, but also see Chapter 11, Schreiber). This is 
at seeming variance with predictions of the double 
hit trapping model. Fig. 17 gives kinetic analyses of 
data reconstructed from pump-probe experiments 
of Schreiber and Krieger (1996) and of Vredenberg 
(2000). The reproduced curve closely resembles 
one representing results of pulse-probe experiments 
in the presence of 1 uM DCMU in the time domain 
10' 4 - 10 s (see Roberts etal., 2003, Fig. 1A). Fig. 17 
shows rise and decay of the fluorescence, expressed 
as F/Fo, probed in the time interval between 0.02 
and 1000 ms (Schreiber and Krieger) and between 2 
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and 10 s (Vredenberg) after a single turnover excita- 
tion of chloroplasts in the presence of DCMU. The 
rise towards the I 2 -level with F/Fo ~4.5, which is 
somewhat below Fm/Fo ~5, is completed in approxi- 
mately 0. 15 ms. The decay starts at about 10 ms and 
is completed, with only two data points at 1 00 and 
1000 ms in Schreiber’s experiment, after more than 
10 s. The kinetic analyses indicate the following, i) 
The experimental curve cannot be fitted with a single 
exponential [O - 1 2 ] rise and -decay; the data points 
in the time region between 40 and 200 ps are below 
and starting from 500 ms are above a nearest fitting 
mono-exponential curve (Fig. 1 7, dashed curve). The 
misfit in the 40-200 ps time range has been presumed 
to be caused by local electric field stimulated transient 
quenching by triplets or by field stimulated radiation- 
less decay (U. Schreiber, personal communication). 
ii)The experimental curve can satisfactorily be fitted 
with a single exponential [O-l,] rise (rate constant 
~ 1 1 5 ms -1 ) with decay rate of ^ 0. 1 s -1 , supplemented 
with a transient secondary [I 2 — I,] rise (rate constant 



~28 ms 1 ) which decays with rate constant of ~ 1 s ’. 
The transient I, — 1 2 rise can be attributed to a fluores- 
cence rise associated with a reversible trans-thylakoid 
electric potential initiated by the pump flash. Single 
turnover flash-induced 30-50 mV trans-thylakoid 
electric potentials in the absence and presence of 
DCMU, with similar decay kinetics as of the transient 
fluorescence signal, have extensively been measured 
with patch clamp techniques in single Peperomia 
chloroplasts (van Voorthuysen, 1997). Potentials of 
this size have been shown (Fig. 9) to cause substantial 
changes in the relative fluorescence yield. The present 
interpretation awaits confirmation from pulse probe 
experiments in the presence of DCMU, similar as 
illustrated here but in the absence and the presence 
of membrane-permeabilizing ionophores. The latter 
(for instance valinomycin, VMC), will enhance the 
decay of the light-generated trans-thylakoid electric 
potential and, if the interpretation given above is cor- 
rect, the decay of the transient [1, - I 2 ] fluorescence 
rise. VMC has been shown (Fig. 16) not to affect 



5 -I -> Fm 




Fig. 17. Fluorescence data reconstructed from pump-probe experiments of Uli Schreiber (open circles) and of Wim Vredenberg (open 
squares). Fluorescence, expressed as F/Fo, was probed in time interval between 0.02 and 1000 ms (circles) and between 2 and 10 s 
(squares) after single turnover excitation of chloroplasts in presence of 1 0 jiM DCMU. The rise towards the I 2 -level with F/Fo~4.5, which 
is somewhat below Fm/Fo~5, is completed in approx. 0.02 ms. Dashed curve represents single exponential [O - 1 2 ] rise and -decay with 
rate constants 60 and 1 .2 s ', respectively. Note that data points in time region between 40 and 200 gs and above ~500 ms deviate from 
this nearest fitting theoretical curve. Solid curve is superposition of a single exponential [O-l,] rise and decay (rate constant 1 1 5 ms 1 
and ~ 0.1 s ', respectively) supplemented with a transient secondary [I 2 - 1 ,] rise (rate constant ~28 ms ') which decays with rate constant 
~ 1 s \ and attributed to release of photochemical quenching [O - 1,] and photo-electric stimulation [I, - 1 2 ] rise, respectively. 
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the initial rate of the (O - Ij) fluorescence rise in 
prolonged pulses, which is dictated by the release 
of photochemical quenching. 

I conclude that pump and probe measurements in 
chloroplasts are in harmony with a trapping model 
in which single turnover excitation causes a release 
of photochemical quenching with a concomitant 
half-maximal increase in fluorescence from Fo to a 
value F”~ 3*Fo, associated with semi-closure of the 
RC. In my view, the photochemical effect in single 
turnover is supplemented with a stimulating pho- 
toelectrochemical effect on fluorescence emission 
caused by the transient photo-electric trans-thylakoid 
potential. 

A second essential difference between the concepts 
of the two-state (open -> closed) and three-state 
(open -* semi-closed -> closed) trapping model 
of Photosystem II is that in the former the electron 
trapping efficiency of a RC with reduced Q A is as- 
sumed to be zero. As has been outlined in Sections 
II.C and IVA, this certainly is not true if values for 
rate constants of the primary reactions in the RC 
are adopted (see Table I). If it assumed that k d ~ k 
3.10 5 ms -1 the electron trapping efficiency of a semi- 
open center would be -10%. It has been proposed 
(Schreiber and Krieger, 1996) that the value of k d is 
increased in the presence of Q A “. This would indeed 
cause a further lowering of the electron trapping ef- 
ficiency. One could think of the following experiment 
to test the correctness of this interpretation. A second 
flash given shortly after a first one in the presence 
of DCMU should give an increase in the rate of P + 
reduction, dependent onk [ and k d . According to both 
models the P + reduction rate in the 1 st flash (curve 
y 0 p+ in Fig. 3) and in the 2 nd flash (y 2 RP -curve in Fig. 
4) should be different, dependent on the values of 
k, and k d relative to that of k^. There is certainly 
an effect of k d on the trapping yield. This is defined 
here as the final fraction of closed centers y 4 [Y z 
PggoPhe" Q a “] that is formed. As shown in Fig. 4 this 
fraction reduces to about 75% if k d = 0.1 k , and even 
to 50% if k d = k j (not shown). 

Flowever, fluorescence curves before and after a 
single turnover saturating pre flash in the presence 
of DCMU do not give evidence for the electron trap- 
ping efficiency or -yield close to zero in semi-open 
centers (Vredenberg, 2000). A pre-flash causes, in 
agreement with the theory, the transfer into semi-open 
centers with a concomitant increase in fluorescence 
from F° = 1 to F so - 3. The semi-open centers (y 2 ) 
are stable on a time scale of 0.1-1 s (Vredenberg, 



2000). Multi-turnover excitation of semi-open (- 
closed) centers causes an increase in fluorescence 
from F so - 3 to F = Fm - 5. This is consistent with 
the closure of the RC by trapping of electrons in the 
remaining 50% open traps of the semi-open centers 
in the primary acceptor Phe. This reaction pattern 
does not support the aforementioned hypothesis of 
a Q A ~-dependent increase in rate of non-radiative 
radical pair recombination in (semi-open) RCs in 
which Q a is reduced. The evidence available thus far 
is, in our view, in better harmony with the double-hit 
three-state trapping model of PS II. 

D. The Multi-Exponential Fluorescence Curve 
in Presence of 3(3,4-Dichlorophenyl)-1 ,1-di- 
methylurea and Photosystem II Heterogeneity 

For either of the two PS II trapping models the fluores- 
cence curve in the presence of DCMU for an assumed 
homogeneous population of RCs with non-interacting 
antennas follows a multi-exponential pattern. For the 
single hit model, Eq. 14 applies which indicates two 
exponentials, except for the case that the excitation 
rate is far above or beyond the rate constant of release 
of donor side quenching at which mono-exponential 
functions (Eq. 14a and 14b, respectively) are involved. 
In the double hit TSTM, Eqs. (20a) and (21) apply 
for a homogeneous system with, according to the 
simplified model in Fig. 14 (but with |3 = 0) at least 
2 exponentials. In general, the double hit model is 
in agreement with a three exponential fluorescence 
curve, due to a mixed population of dark-adapted 
PS II centers with a difference in the S-state of the 
oxygen-evolving complex. The major population (75- 
85%) in dark-adapted chloroplasts is in the S,-state 
whereas a second population (15-25%) is in the S 0 
-state. The S 0 population is special in a sense that its 
centers contain Q B “ and become semi-closed upon 
DCMU addition. Its fractional size |> is calculated 
from the rise in the initial dark fluorescence level fol- 
lowing DCMU addition. Closure of the Infraction of 
semi-closed S 0 centers in the light shows up as a slow 
exponential phase in the DCMU fluorescence curve 
in the 1-20 ms time range (Fig. 13). The additional 
exponential component indicates the involvement of 
a second population with a different rate constant of 
primary electron transfer at the donor side and low 
electron trapping efficiency. It has been documented 
that this rate is dependent on the S-state of OEC 
(Meyer etal., 1989). 

Current views on the existence and properties of 




Chapter 6 System Analysis of Chlorophyll Fluorescence Kinetics in vivo 



167 



various types of PS II centers, such as a-, |3-, Q B 
non-reducing Q B - and inactive centers are based on 
the two-state trapping concept that closure of a PS II 
center is a single excitation event (Lavergne and Bri- 
antais, 1996). In one of its simplest forms, i.e. with no 
energy transfer between antennas (separate package 
model) the ‘classical’ concept predicts, except for 
limitations set by the excitation rate (see before), a 
mono-exponential fluorescence induction curve in 
the presence of DCMU (Melis and Duysens, 1979; 
Anderson and Melis, 1983). Thus, for instance the 
existence and presence of a- and |3-centers routinely 
are concluded from a bi-exponential DCMU induc- 
tion curve in which each exponential is ascribed to 
a center type differing in antenna size (Melis and 
Homann, 1975; Govindjee, 1990). Fit procedures 
with the TSTM do not give evidence for k L hetero- 
geneity, which would have indicated the presence 
of populations with different antenna size. They are 
at least inadequate to resolve this heterogeneity if it 
would exist. 

Thus the interpretation of the multi-exponential 
fluorescence induction curve in the presence of 
DCMU in terms of either antenna size- or RC- hetero- 
geneity depends on whether the single- or double-hit 
trapping model is adopted. The choice of the model 
also has implications for the use of the area above 
the induction curve, bordered by the line F = F m as a 
linear measure of the number of turnovers (electrons) 
that is required for RC closure (Malkin, 1966; Malkin 
and Kok, 1966; Murata et al., 1966; R. J. Strasser et 
al., 1995). This elegant tool can only be applied for 
the single step (semi- ) closure of open or semi-open 
centers, respectively. 

E. Fluorescence as a Diagnostic Tool of Pho- 
tosynthetic Performance 

Three state trapping model-based analysis of the 
fluorescence induction curve in terms of rate con- 
stants of light and dark reactions at the donor- and 
acceptor side of PS II offers a supreme diagnostic 
tool for localizing and quantifying the effect of stress 
conditions (UV, drought, heat, and inhibitors) on 
photosynthetic performance. 

The effect of UV-B radiation on PS II has been 
studied using the fluorescence induction curve as 
a sensitive probe of PS II (Rodrigues et al., 2002). 
Based on this analysis it was observed that UV-B af- 
fects both the donor and acceptor sides of PS II. The 
time-pattern of the damage indicates that initially the 



acceptor side is mostly affected. A strong decrease in 
the rate constant of Q B reduction by Q A “ (k AB1 ) and 
Q b ~ reduction by f) A (k AB2 ) has been noted after 60 
minutes of irradiation by UV-B. These results are 
in agreement with reported effects of UV-B on Q A 
(Melis et al . , 1 992) or at the Q B binding niche (Vass et 
al., 1999). The PS II donor side was also affected by 
short-term UV-B irradiation (up to 60 minutes), but 
much less than the acceptor side. It was attributed to a 
50% decrease in the rate constant of primary electron 
transfer between Y z + and OEC in the S 2 -state (k s2 ). 
Electron transfer between Y z + and OEC in the S -state 
(k sl ) was only decreased after prolonged (more than 3 
hours) exposure to UV-B. An overall effect of UV-B 
on the donor side of PS II is usually observed, both 
in vivo and in vitro (Giacometti et al., 1996; Vass 
et al., 1996, 1999). UV-B, at the fluences used, was 
found not to affect PS I activity (Rodrigues et al., 
2002). The observed UB-B-induced fluorescence 
change has been correlated with the damage to the 
donor side of PS II. 

Triazine-resistant Chenopodium album plants have 
been characterized by the research group of Jack Van 
Rensen (Curwiel and Van Rensen, 1 996). One of the 
properties of these plants is an impaired activity of 
PS II. Because such a lower activity is one of the early 
effects of stress on a plant, these plants have been 
used as a tool to study stress effects (Van Rensen and 
Curwiel, 2000). It has been reported earlier that the 
impaired activity of PS II in atrazine-resistant plants 
is related to a decreased rate of electron flow from the 
primary to the secondary quinone electron acceptor 
(Jansen and Pfister, 1990). TSTM-based analysis of 
fluorescence induction curves in wild type (S) and 
triazine-resistant (R) Chenopodium album and Sola- 
tium nigrum plants have been done (van Rensen et al., 
2002 ). They revealed indeed that there are only minor 
differences between R and S plants with respect to 
kinetics and rate constants of electron flow reactions 
at the donor side of PS II. However, the rate constants 
of electron transfer reactions at the acceptor (k AB , and 
k AB2 ) side are lower in R-plants. 

Finally I presume that when refined optimalization 
routines have become available to fit the experimental 
curves with the TSTM, their application will allow 
diagnostics with respect to the functioning of the 
intermediates involved in the primary and secondary 
PS II reactions. Our data suggest that the actual rate 
constants of radical pair recombination and ofY z + -, 
P + - and Q A -reduction are most sensitive to stress 
factors of different kind. Changes in any of these 
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parameters affect the electron trapping efficiency of 
RCs and consequently the fluorescence induction 
in the light. 

In conclusion, system analysis of fluorescence in- 
duction curves in terms of rate constants of reactions 
involved in energy trapping is a powerful tool for 
probing, localizing and quantifying abiotic stresses 
that target PS II. 
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Summary 

Photosynthetic antenna systems of cyanobacteria and red algae are described at three levels: (1) pigments, 
pigment-protein complexes, and structures of those complexes, (2) processes of excitation energy transfer and 
the transfer mechanisms, and (3) diversity of photosynthetic antenna systems. A discussion of the above points 
has made full use of the availability of the crystal structures of Photosystem I, Photosystem II, and phycobili- 
proteins. Several unresolved questions are raised here that concern the pigment systems and energy transfer 
processes. We have also attempted to make new interpretations. Diversity of the antenna system is discussed 
from the viewpoint of a search for a general principle for the construction of the antenna system. 



I. Introduction 

Cyanobacteria are the first organisms, during evolu- 
tion, that evolved molecular oxygen by the oxidation 
of water, and this lead to the irreversible evolution of 
oxygenic respiration of organisms. In this sense, ap- 
pearance of cyanobacteria on the earth is a remarkable 
event. Red algae evolved from the cell that emerged 
by the primary symbiosis of a cyanobacterium with 
an unknown eukaryotic cell (Cavalier-Smith, 2000 ). 
There are several common properties in photosyn- 
thesis between cyanobacteria and red algae; however 
the presence of chloroplasts is a distinctive differ- 
ence in the organization of photosynthetic systems 
(Blankenship, 2002). 

The photosynthetic antenna systems of cyano- 
bacteria and red algae are unique in their pigment 
composition, that is, they have both chlorophyll (Chi) 
a and phycobiliproteins. The third set of pigments, 
carotenoids, also work as antenna pigments and are 
sometimes responsible for photoprotection against 
light-induced damage. Chi and carotenoids are water- 
insoluble; therefore, they are organized in the mem- 
brane-associated pigment-protein complexes or in 
the membranes. On the other hand, phycobiliproteins 
are water-soluble; therefore, they are located outside 
of the membranes. Phycobiliproteins are assembled 
to form a supramolecular architecture, the so-called 
phycobilisomes. 

Photon energy captured by these antenna pigments 
is transferred unidirectionally to the reaction center 
( RC) complexes in the thylakoid membranes . An over- 
all energy transfer efficiency from phycobiliproteins 

Abbreviations :Chl - chlorophyll; CP chlorophyll protein; 
LHC- light-harvesting complex; PCB phycocyanobilin; 
PEB phycoerythrobilm; Phe -pheophytin; PQ plastoquinone; 
PS - photosystem; PUB -phy courobilin; PVB phycoviolobilin; 
RC reaction center 



to the RC is not necessarily high compared with the 
other photosynthetic organisms due to relatively low 
transfer efficiency among phycobiliproteins. 

Both cyanobacteria and red algae are oxygenic pho- 
tosynthetic organisms; however, localization of their 
photosynthetic systems is very different in the two 
systems. Cyanobacteria are prokaryotes; therefore, 
there is no compartmentation of the photosynthetic 
systems in cells, but thylakoid membranes are distrib- 
uted in the cytoplasm. On the other hand, red algae 
are eukaryotes and they contain chloroplasts in cells. 
In chloroplasts, thylakoid membranes are developed, 
but a stacking of membranes is not observed. The 
chloroplast DNA is present, even though it does not 
contain full information necessary for operating the 
photosynthetic activities; a good part of indispens- 
able information resides in nuclear genomes. It is 
now widely accepted that chloroplasts originated 
by endosymbiosis of a specific cyanobacterium in 
a eukaryotic cell. 

There are many reviews on the antenna system of 
cyanobacteria and red algae (see, e.g. Gantt, 1994). 
Therefore, only recent progress and specific basic 
information are summarized in this chapter. Other rel- 
evant information is available in the following articles: 
Mimuro (1990); Golbeck(1994); Barry et al. (1994); 
Sidler 1994; van Grondelle et al. (1994); Mimuro et 
al. (1999a); Mimuro andKikuchi (2003)- 

I refer the reader to an earlier summary chapter 
by Fork and Mohanty (1986) on fluorescence of 
cyanobacteria and of red algae in a book on Light 
Emission by Plants and Bacteria (Govindjee et al. 
1986). Fluorescence of cyanobacteria is also sum- 
marized by Papageorgiou (1996). 
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Phycobilisome 




PS II PS I 

Fig. 1. An overall architecture of antenna systems of cyanobacteria and red algae. In membrane antenna complexes, open diamond and 
wavy lines stand for chlorophyll (Chi) and carotenoid, respectively. Light harvesting complex (LHC) I is present only in red algae. On 
the rod elements of phycobilisomes, hatched units are cither phycoerythrin or phycocyanin, depending on species or culture conditions. 
In the core, a dotted circle stands for a APn , and an oblong unit stands for the anchor polypeptide (L CM ) that connects phycobilisomes with 
the membrane antenna complexes. The size of phycobilisome was drawn with a reduction down to 1 5% to that of membranes thickness. 
The actual edge-to-edge size of phycobilisomes is approximately 50 nm in a hemidiscoidal shape, ten times larger than the thickness of 
membranes. The docking site of phycobilisomes to PS II core is not yet clearly resolved. 



II. Antenna Systems in Cyanobacteria and 
Red Algae 

A. Overall Architecture of Antenna Systems 

An overall architecture of antenna systems of cya- 
nobacteria and red algae is schematically illustrated 
in Fig. 1 . In the cytoplasm of cyanobacterial cells or 
chloroplasts of red algae, there are well -developed 
membranes, these are the thylakoid membranes. There 
are two kinds of RCs in thylakoid membranes, and 
antenna systems are associated with individual RCs. 
There is functional differentiation in the antenna; 
one is called core antenna, and the other, peripheral 
antenna. This principle is applied to cyanobacteria 
and red algae, and individual units for photochemical 
reactions are called Photosystem (PS) I and PS II. 
The major role of the PS I is to generate reducing 
power to synthesize NADPH, and the major role of 
PSII is to oxidize water for driving the overall elec- 
tron transfer system. PS I and PS II are molecular 
assemblies of proteins and consist of a large number 
of colorless proteins and a small number of pigment- 
protein complexes. 

The core components of PS I are the PsaA/B pig- 
ment proteins that constitute the RC I complex. In 
these two polypeptides, approximately 1 00 molecules 



of Chi a and 22 (3-carotenes are associated (Jordan 
et al., 2001), thus called the antenna-RC assembled 
form. In the case of red algae, an additional antenna 
component, that is LHC I, is also associated with the 
core complex (Wolfe et al., 1994) and functions as a 
peripheral antenna. In addition to these pigment-pro- 
tein complexes, there are more than 10 polypeptides 
in PS I(Golbeck, 1994). In contrast, PS II mainly con- 
sists of four pigment-protein complexes, PsbA/B/C/D. 
The PsbA/D, so-called D, and D 2 polypeptides, make 
up the main part of RC II, and a number of pigments 
in these two is limited to 6 Chi a, 2 pheophytins (Phe) 
a , and 2 (3-carotenes (Zouni et al., 2001). PsbB and 
PsbC are called CP-47 and CP-43, respectively, and 
these are tightly associated with PS IT RC, thus called 
core antenna. The former contains 14 molecules of 
Chi a and the latter, 12 Chi a , but the number of 13- 
carotene molecules is not yet resolved. In the case 
of PS II, the antenna and RC are located in separated 
proteins. The additional antenna complex for PS II, 
known as LHC II in plants and green algae, is not 
present in membranes of cyanobacteria and red algae, 
but more than 20 polypeptides without pigments are 
associated with PS II RC to form a stable complex 
(Barry et al., 1994). The functions of many of those 
polypeptides are not yet resolved. In the cytoplasmic 
side of thylakoid membranes, there are large supra- 
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molecular assemblies called phycobilisomes (Gantt, 
1980; Glazer, 1985), consisting of water-soluble 
phycobiliproteins. Phycobilisomes are peripheral 
antennae and associated with the core antenna of 
PS II, i.e., CP-43/CP-47 (Fig. 1). 

B. Pigments 

There are three kinds of photosynthetic pigments in 
cyanobacteria and red algae, Chls, carotenoids and 
phycobiliproteins (Fig. 2). It was earlier believed that 
cyanobacteria and red algae contain only Chi a as Chi 
species; however, discovery of new species containing 
other Chi species has forced us to change our ideas 
about pigments and their diversity. This was also the 
case for phycobiliproteins. In marine cyanobacteria, 
there are some species that show unique chromophore 
composition. Diversity of the pigments is expected 
to modify our classical ideas on the antenna system. 
This will be discussed later in section V 

1 Chlorophylls 

The major Chi in cyanobacteria and red algae is Chi a 
(Fig. 2A). All cyanobacteria and red algae contain 
only Chi a , except that Prochlorococcus contains 
divinyl-Chl a and divinyl-Chl b (Chisholm et al., 
1 988; Goericke and Ripeta, 1 992). In addition to Chi 
a , some cyanobacteria contain other type of Chls. 
Prochlorothrix (Burger-Wiersma et al., 1986) and 
Prochloron (Lewin and Withers, 1975) possess Chi b. 
Chi d is the major Chi species in Acaryochloris marina 
(Miyashita et al., 1997; Chapter 9, Itoh and Sugiura). 
Further, Chi c-like pigment, Mg-2, 4-divinyl pheopor- 
phyrin a 5 monomethyl ester (Mg-DVP, sometimes 




Chl d -CHO -CH3 Phytyl. 



called Mg-divinyl protochlorophyllide) is also present 
in Prochlorococcus and A. marina. Chl d is present 
in red algae (Manning and Strain, 1943); however, 
Chl d was once reported to be a degradation product 
of Chl a (Holt and Morley, 1959), but recently Chl d 
was re-discovered in the cyanobacterium A. marina 
(Miyashita et al., 1996) and also in an epiphyte that 
remains attached to the surface of the red algal thalli 
(Murakami et al., 2001), even though the species has 
not yet been identified. This point will be discussed 
later in this chapter (Section V). 

2. Carotenoids 

There are many kinds of molecular species of ca- 
rotenoids (Fig. 2B), and their elementary molecular 
structure is represented by (3-carotene; a central 
conjugated double bond system and an associating 
ionone ring structures as an end group. Modifica- 
tion and replacement of atoms in the ring structure 
are commonly found even if replacement is very 
simple, which leads to diversity of carotenoid species 
(Mimuro and Akimoto, 2003). Carotenoids with an 
allene group or an acetylene group are not reported 
in cyanobacteria and red algae. Besides |3-carotene, 
there are several other major carotenoids; these are: 
a-carotene, zeaxanthin, echinenone, and cantha- 
xanthin in cyanobacteria. One unique carotenoid 
is a xanthophyll with sugar chain attached to it. A 
typical example of this kind of carotenoids is myxo- 
xanthophyll or myxoll sugar compound, commonly 
found in cyanobacteria. A carotenoid without any 
ring structure is also known to be present in cyano- 
bacteria: oscillaxanthin is a linear carotenoid with 1 3 
conjugated double bonds; its absorption maximum 




Chl c 2 -CH=CH-COOH 
Mg-DVP -CH2-CH2-COOH 



Fig. 2. See rest of the figure and the legend on the next page. 
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PVB or PXB 



PUB 



PUB 




Fig. 2. Molecular structures of photosynthetic antenna pigments found in cyanobacteria and red algae. (A) Chlorophylls (Chls), (B) 
Carotenoids, and (C) Phycobilins. In (A), phytyl stands for phytol chain; the figure on the right is for Chi c 2 . In (B), (1 ) p-carotene, (2) 
zeaxanthin, (3) a-carotcne, (4) cchincnone, (5) canthaxanthin, (6) myxoxanthophyll, (7) oscillaxanthin, (8) p-cryptoxanthin, and (9) 
lutein. For full form of PCB, etc., sec the Abbreviations list. 
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is located at 550 nm in organic solvents. A similar 
carotenoid molecule is found in photosynthetic bac- 
teria; however a linear carotenoid is rarely found in 
other oxygenic photosynthetic organisms, besides 
the one mentioned above. This molecular species is 
an exceptional case in cyanobacteria. In red algae, 
|> -carotene, p-cryptoxanthin, and zeaxanthin are 
major species, and a-carotene and lutein are present 
in some species. Carotenoid(s) is responsible for the 
nonphotochemical quenching of Chi a excitation 
by means of the xanthophyll cycle in higher plants 
(Yamamoto, 1979; Chapters 18, Krause and Jahns; 
20, Golan et al.; 21, Gilmore; and 22, Adams and 
Demmig-Adams ). An analogous mechanism has not 
yet been demonstrated in cyanobacteria and red algae . 
Xanthophylls seem to have a dual functional role, both 
as antenna and as a mechanism for photoprotection. 
A role of carotenoid is also proposed for stabiliz- 
ing the light-harvesting complex II (Kuhlbrandt et 
al., 1994). This is applicable to LHC I of red algae 
(Wolfe et al., 1994). 

3. Phycobiliproteins 

Phycobiliproteins are water-soluble pigment-protein 
complexes. Chromophores called phycobilins are 
open-tetrapyrrole rings (Scheer, 1981; Mimuro et 
al., 1999a); at least four species have been chemi- 
cally identified (Fig. 2C). Molecular structures of 
apo-proteins are essentially similar to myoglobin and 
hemoglobin (Schirmeretal., 1985), and belong to the 
globin family of proteins. In cells, phycobiliproteins 
are assembled to form large complexes, the so-called 
phycobilisomes (Gantt and Conti, 1966), with many 
kinds of linker polypeptides (Tandeaude Marsac and 
Cohen-Bazire, 1977). 

There are four kinds of phycobiliproteins: allo- 
phycocyanin, phycocyanin, phycoerythrocyanin, and 
phycoerythrin. Allophycocyanin and phycocyanin are 
common components in cyanobacteria and red algae. 
The remaining two components are not present in all 
the species. These four are descendents of a common 
ancestor protein; a phylogenetic tree of the amino 
acid sequence clearly shows their relationship and 
diversity (Ducret et al., 1994; Apt et al., 1995). On 
this tree, allophycocyanin is located at the root of the 
protein family, and phycocyanin and phycoerythrin 
are diverted proteins. On amino acid basis, similarities 
of these four kinds of phycobiliproteins are neither 
high, nor low; further the resolved three-dimensional 
structures of these phycobiliproteins are very similar 
to each other. 



C. Membrane-Bound Antenna 

As mentioned earlier, there are two types of photo- 
synthetic units, the so-called PS I and PS II (Fig. 1). 
Both consist of a large number of polypeptides; some 
are associated with pigments, whereas others are 
colorless. It is generally accepted that RC I and RC II 
have evolved from the RC of green-sulfur bacteria 
and purple bacteria, respectively (Jordan et al., 200 1 ; 
Zouni et al., 2001, Karniya and Shen 2003), and in 
the course of establishment of the oxygenic photosyn- 
thetic reaction system, a large number of additional 
polypeptides were acquired to form photosystems, 
even though the origins of those polypeptides are not 
known (Green and Dunford, 1996). 

1. Photosystem I Antenna 

A crystal structure of the PS I RC from a cyanobac- 
terium Synechococcus elongatus at 2.5 A resolution 
was published by Jordan et al. (2001). It is now the 
basis for the organization of PS I. PS I core con- 
sists of two major polypeptides (PsaA/B ) that hold 
co-factors for electron transfer chain and also bind 
~100 antemia Chi a and ~22 p-carotene molecules. 
This composition is common to cyanobacteria and 
red algae. A spatial distribution of Chi a in the PS I 
complexes is characterized by a two-layer structure; 
Chi a molecules are separated into two layers, one 
layer close to one surface and the second to the other 
surface of membranes. In the middle of membranes, 
Chi a is not frequently found. This arrangement is 
essentially identical to that of purple bacterial an- 
tenna, LH 2 (McDermott et al., 1995; Koepke et al., 
1996). Sener et al. (2002) showed theoretically that 
all Chls in PS I are energetically coupled, and except 
for a few Chi molecules, pruning of individual Chi 
in PS I does not induce lowering in quantum yield of 
photochemical reaction of P700. They referred to this 
as the robustness of the system. This line of work is 
pointed out as systems biology (Kitano. 2002), and 
will be an important topic in the near future. 

In addition to the core component, multiple forms 
of LHC I are found in red algae with molecular 
masses from 19.5 kDa to 23.5 kDa (Wolfe et al., 
1994). These multiple forms of LHC I are assigned 
to LHC superfamily. Thus, the origin of all LHC I 
may be in the LHC I of the red algae (Garczarek 
et al., 2003). This protein includes zeaxanthin and 
Chi a. Zeaxanthin as well as p-carotene are major 
carotenoids in cyanobacteria and red algae. However, 
the presence of zeaxanthin in the LHC protein is not 
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a common property of LHCs of all algae. 

Another new antenna protein is IsiA (iron-stress 
induced) (Straus, 1994). Under iron-depleted condi- 
tions, several types of new polypeptides are induced, 
and the IsiA, sometimes called CP-43', is one of 
those peptides. In 2001, a crystal structure of the 
IsiA-associated PS I complexes was resolved (Bibby 
et al. , 200 1 ; Boekema et al.,2001 ). The trimer of PS I 
complexes were surrounded by the 18 IsiA proteins 
that hold additional Chi a up to approximately 200 
molecules, giving rise to a remarkable increase in 
the antenna size. The reason for this increase in the 
antenna size is not yet clear. 

2. Photosystem II Antenna 

A crystal structure of PS II RC complex was resolved 
on two thermophilic cyanobacteria: one is S. elonga- 
tus at 3.8 A resolution (Zouni et al., 2001) and the 
other, Thermosynechococcus vulcanus at 3.7 A reso- 
lution (Kamiya and Shen, 2003). A membrane bound 
PS II antenna consists of CP-43 (PsbC) and CP-47 
(PsbB ) in cyanobacteria and red algae. Each protein 
consists of six trans-membrane helices. The CP-43 
is associated with the D, protein (PsbA) and CP-47, 
with the D 2 protein (PsbB). CP-43 and CP-47 have 
been shown to contain 12 and 14 Chi a molecules, 
respectively. These numbers, however, are somewhat 
different from those obtained by biochemical analysis. 
It is postulated that a total number of Chi a in the PS II 
core (D,/D 2 /C P-43 /CP-47) is in a range of 25 to 50 
including Chls in the D r D 2 complex (Ghanotakis et 
al., 1999). Each polypeptide binds several (the number 
being uncertain) |3-carotene molecules. In some spe- 
cies, for example, A. marina, p-carotene is replaced 
with a-carotene (Miyashita et al., 1997). 

The composition of the core antenna is different 
in Chi alb containing cyanobacteria. Since prochloro- 
phyta (e.g., Prochlorothrix and Prochloron ) contain 
Chi b, a polypeptide responsible for binding of Chi b 
is required. This is one of the unusual peripheral 
antenna proteins in cyanobacteria and red algae. The 
polypeptide has been called CP-43 ' (LaRoche et al. 
1996 ) because this type of polypeptide is postulated 
to be derived from CP-43, based on a similarity of the 
amino acid sequence of this polypeptide to CP-43, 
and also to IsiA. In oxygenic photosynthetic system, 
the PS II antenna belongs to LHC superfamily. In 
this sense, CP-43' of antenna is very different from 
those belonging to the LHC superfamily, and must 
have evolved independently of each other. 



3. Regulation of Stoichiometry between Pho- 
tosystem I and Photosystem II 

In general, PS I and PS II form an assembled structure 
in the membranes; PS I is a trimer and the PS II is 
a dimer. A stoichiometry of PS I and PS II changes 
depending on the growth conditions, for example, 
light quality, light intensity and nutrients (Fujita 
et al., 1994). It is known that the PS I/PS II ratio 
changes from less than 1 to 3 (Fujita and Murakami, 
1987). If the ratio is two, which is a usual case in 
many cyanobacteria, the number of Chi a present in 
two PS I and one PS II are 200 and 40 molecules, 
respectively. This indicates that more than 80% of 
Chi a in cyanobacteria belongs to PS I, as predicted 
by Mirnuro and Fujita (1977). Furthermore, changes 
in the stoichiometry will induce changes in absorp- 
tion cross-section of individual photosystems that 
is critical for the distribution and redistribution of 
energy supply to the photosystems. In this sense, 
the PS I/PS II ratio is a very important index for the 
composition of photosystems. 

Changes in the PS I/PS II ratio were monitored 
by Chi fluorescence yield from the individual pho- 
tosystems (Murakami, 1 997). When intact cells were 
excited at 435 nm, preferentially absorbed by Chi a, 
cells showed three typical fluorescence bands at 685, 
695, and 720-735 nm. The former two come from 
PS II and the last one, from PS I. When areas under 
individual fluorescence bands were estimated by 
deconvolution of spectra and a relative fluorescence 
yield of PS I, i.e., (PS I FL/(PS I FL + PS II FL)), 
was plotted against the relative content of PS I RC, 
i.e., (PS I RC/(PS I RC + PS II RC)), they gave a 
straight line from a PS I/PS II ratio of less than one 
to up to nearly four. This line was useful both for 
cyanobacterium Synechocystis sp.PCC6714 and for 
the green alga Chlamydomonas reinhardtii. This kind 
of analysis is applicable to red algae when a proper 
standard line is estimated. 

The mechanism for the variation of this ratio has 
not yet been resolved; however it is proposed that the 
redox-state of plastoquinone (PQ) pool and/or Cyt b 6 f 
is a source of the signal for this variation (Chapter 1 7, 
Allen and Mullineaux). When the oxidized PQ pool 
and/or Cyt /become reduced, the antenna size of 
PS I is expected to increase to facilitate electron flow 
in PS I, and when the PQ pool becomes oxidized, 
the antenna size of PS II is expected to increase to 
facilitate the electron supply from PS II. This is a 
reasonable explanation at the moment. 
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D. Structure and Function Relationship in 
Phycobiliproteins 

1. Molecular Species of Phycobiliproteins 

The basic unit of phycobiliproteins is a trimer that 
consists of three identical monomers . Each monomer 
is made up of two subunits, a- and [1-subunits. One 
subunit consists of apo-protein and chromophores. 
The number of chromophores and their chemical 
species vary depending on molecular species of 
phycobiliproteins. Phycobiliproteins are historically 
classified by their absorption maxima that reflect 
variation in chemical species of chromophore and 
interaction of chromophores with apo-proteins. 

Allophycocyanin is a deep blue-colored pigment- 
protein complex with the absorption maximum at 
approximately 650 nm and the fluorescence maximum 
from 660 to 663 nm. One of the allophycocyanins is 
allophycocyanin-B (sometimes abbreviated as APB ); 
this species shows absorption maximum at -650 nm 
with a shoulder at ~675 nm due to the presence of 
a long-wavelength chromophore; this component 
shows the fluorescence maximum at approximately 
680 nm. Phycocyanin is a blue-colored pigment- 
protein complex with the absorption maximum in 
between 615 and 63 5 nm and fluorescence maximum 
in between 635 to 648 nm. There are two types of 
phycocyanin: C-phycocyanin and R-phycocyanin. 
The prefix C stands for cyanobacteria and R for 
red algae since C-phycocyanin is found mainly in 
cyanobacteria and R-phycocyanin mainly in red 
algae. However, this classification is not necessarily 
universal because molecular species are classified by 
the chromophore composition in individual subunits 
(Table 1). Phycoerythrocyanin is a purple colored 
pigment-protein complex with absorption maxima at 
~575 nm and 620 nm, and is found only in a limited 
number of cyanobacteria. Its fluorescence maximum 
is located at approximately 63 5 nm. Phy coerythrin is 
an orange-colored pigment-protein complex. There 
are four types of phy coerythrin: C-phy coerythrin, 
B-phycoerythrin, b-phycoerythrin, and R-phyco- 
erythrin depending on absorption spectrum. With 
respect to the absorption spectrum, C-phycoerythrin 
is a single -peaked pigment, B-phycoerythrin and 
b-phycoerythrin are double-peaked pigment, and 
R-phycoerythrin is triple-peaked pigment. The differ- 
ence between B-phycoerythrin and b-phycoerythrin 
is small; the shoulder at approximately 500 nm is 
distinctive for B-phycoerythrin. The difference in 
color reflects the difference in chromophore species 



associated with subunits. Table 1 shows chromophore 
composition of individual subunits. 

There are four kinds of chromophores: they all 
are open-tetrapyrroles called phycobilins that are 
synthesized through the heme-synthetic pathways, 
common to heme and Chi synthesis (Beale, 1999). 
A closed tetrapynole ring is synthesized once, and 
it is opened and modified in side chains, yielding 
four kinds of chromophores (Fig. 2C): (1) the blue- 
colored phycocyanobilin (PCB); (2) the red-colored 
phycoerythrobilin (PEB); (3) the yellow-colored 
phycourobilin (PUB); and (4) the purple-colored 
phycoviolobilin (PVB) that is also called cryptovi- 
olin or phycobiliviolin. They differ in the number of 
conjugated-double bonds and this is directly related to 
their absorption properties. An additional difference 
is also found in the number of covalent bonds through 
which chromophores are attached to apo-proteins. 
Usually chromophores bind to apo-proteins at one 
site, and a linkage through two covalent bonds are 
known in PEB and PUB at a specific binding site of 
the apo-protein. 

2. Static Molecular Structures 

Crystal structures of several phycobiliproteins have 
been published for the last 15 years: allophycocyanin 
(Brejc et al., 1995; Liu et ah, 1999), allophycocya- 
nin with a linker polypeptide (Reuter et ah, 1999), 
C-phycocyanin (Schirmer et ah, 1985, 1986, 1987; 
During et ah, 1991; Wang et al., 2001; Padyana et 
ah, 2001; Adir et ah, 2001, 2002), R-phycocyanin 
(Jiang et ah, 2001), phycoerythrocyanin (Durring 
et ah, 1990), B-phycoerythrin (Ficner et ah, 1992), 
b-phycoerythrin (Ficner and Huber, 1993), and R- 
phycoerythrin (Chang etal., 1996; Ritter et ah, 1999; 
Jiang etal., 1999; Contreras-Marteletah, 2001). The 
maximum resolution is 1.55 A, enough for analyses 
at the atomic level. The overall structures resolved 
showed the three-fold rotational symmetry with a 
central hole, which is common to allophycocya- 
nin, phycocyanin, phycoerythrocyanin, and phyco- 
erythrin. Difference was observed in the number 
and location of chromophores. Allophycocyanin has 
two chromophores per monomer, phycocyanin and 
phycoerythrocyanin have three, and phycoerythrin, 
five. When the number of chromophores increases, 
those are found on the outside of the trimer ring. 
This is reasonable arrangement because a linker 
polypeptide is attached to the inside of trimer to form 
large aggregates. 

Optical properties of phycobiliproteins are mainly 
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Table 1. Chromophore contents in phycobiliproteins 



Phycobiliproteins 


Chromophore binding 
site in a-subunit 


Chromophore binding 
site in |3- subunit 


Chromophore content 
in y-subunit 


Subunit 

Composition 




a75 


a84 


a 140 


|350/61 
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PCB 






PCB 
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(a P) 3 


R-PC 
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PCB 


PEB 




(«P)] 


PEC 




PVB 






PCB 
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(«P)s 


C-PE 




PEB 


PEB 


PEB 


PEB 


PEB 
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B-PE 




PEB 


PEB 


PEB 


PEB 


PEB 


(2PEB, 2PUB) 
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b-PE 




PEB 


PEB 


PEB 


PEB 
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(a P)<sY 


R-PE 
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PUB 


PEB 


PEB 


(2PEB, 2PUB) 
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Marine Synechococcus 
WH8020 PE I 




PEB 


PEB 


PEB 


PEB 


PEB 






WH8020 PE II 


PUB 


PEB 


PEB 


PUB 


PEB 


PEB 






WH8103 PEI 




PEB 


PUB 


PUB 


PEB 


PEB 






WH8103 PE II 


PUB 


PUB 


PUB 


PUB 


PEB 
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A number of amino acid residues of chromophore binding site is described on the basis of the amino acid sequence of C-PC, 
thus those numbers are not necessarily identical in other types of phycobiliproteins. Chromophore content of the four molecular 
species of marine Synechococcus were adopted from a Table by Sidler (1994). a APB and |3 16 2 are not monomers but subunits; 
however, those are shown to clarify locations of chromophores in respective subunits. 



determined by the chemical species and the configu- 
ration of chromophores in the polypeptides. When 
the conjugated double bond is short, the absorption 
maximum is shifted to the blue and when the conju- 
gated double bond is long, the maximum is shifted 
to the lower energy side, that is, red. In addition, 
configuration of chromophores in proteins also 
determines the optical properties (Scheer, 1981). 
Since the chromophore is open tetrapyrrole ring, it 
can twist at the conjugation of the methine bridge, 
giving rise to various configuration in the proteins. 
In general, when the configuration is a round shape, 
the maximum is shifted to the higher energy side, 
and when it is extended shape, the maximum is 
shifted to the lower energy side. Allophycocyanin 
and C-phycocyanin have a common chromophore, 
phycocyanobilin, but the absorption maximum is 
longer for allophycocyanin by 3 0 nm. This difference 
is attributed to the difference in configuration, and 
this was proved the X-ray crystal structure (Brejc et 
al., 1995; Mimuro etal., 1999a). 

Optical properties are also affected by the ioniza- 
tion state ofthe chromophores (Kikuchi etal., 1997). 
Among four pyrrole rings, the nitrogen atoms of the 
central two rings are usually positively charged. This 



ionization state was stabilized by oxygen atom of a 
specific amino acid, i.e., aspartic acid. The molecular 
orbital calculation clearly indicates that when the 
nitrogen atoms are neutral, the absorption maximum 
will be shifted to the higher energy side, up to 550 nm 
in the case of C-phycocyanin. This was a typical 
example for the relationship between the ionization 
state of chromophore and optical properties. 

3. Dynamic Molecular Structure 

Kikuchi et al. (2000) introduced a new concept on 
C-phycocyanin, that is, the dynamic structure of pig- 
ment-proteins . They applied the normal mode analysis 
to the a- and p-subunits of C-phycocyanin crystal 
structure and estimated the correlative movement and 
fluctuation of individual amino acid residues. They 
found that a-subunit of C-phycocyanin consists of 
several segments (SI to S8, shown in Fig. 3) whose 
movements were positively or negatively correlated 
with the other parts of proteins. A neutral region was 
not present except for the chromophore binding site. 
In this sense, C-phycocyanin is rigid. A set of assem- 
bly of amino acids is described as a segment, and this 
consists of successive amino acids. This unit does not 
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RESIDUE NUMBER 

Fig. 3. Dynamic structure of C-phycocyanin a-subunit. Crystal structure and an auto-correlation matrix of C-phycocyanin a-subunit 
are shown. Numbers in horizontal and vertical axes indicate the amino acid residues. The positive correlation between individual amino 
acids is shown by boxes and the negative correlation, by small dots. Vertical and horizontal lines in a matrix indicate the boundaries of 
individual segments resolved by the normal mode analysis. Individual helices resolved by the crystal structure are shown by X, Y, A, 
B, E, F, F', G, and H. SI to S8 stand for segment names resolved by the normal mode analysis. The lower panel shows the root-mean- 
square-distance of movement of the a-carbon of individual amino acid residues from the locations of the energy minimum. Dotted line 
indicates a mean value of displacement. Cys84 and Asp87 show the chromophore binding site and the chromophore stabilizing site, 
respectively. (Reproduced from Kikuchi et al., 2000). 



correlate with a-helix but with module structure. In 
this sense, the dynamic structure has nothing to do 
with the static structure. This dynamic structure was 
essentially the same as in (3-subunit. 

Kikuchi and coworkers (2000) also found that 
individual subunits of C-phycocyanin are made up 
of two large domains, that is, globin domain and the 
X, Y-helix domain. The latter positively correlated 
with the main part of the globin domain. One neutral 
region was found (S5 in Fig. 3) where the fluctuation 



of amino acid residues was minimum. This region 
consists of a few amino acids that include the amino 
acids directly interacting with the chromophore (87 th 
aspartic acid) and thus stabilizing the configuration 
of chromophore. Due to this minimum of fluctuation, 
the optical properties of C-phycocyanin are stabilized, 
which leads to the realization of steady energy transfer 
sequence among chromophores (Fig. 3). 
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4. Phycobilisome, an Assembled Form of 
Phycobiliproteins 

Phycobiliproteins are assembled to form phyco- 
bilisomes. From a theoretical point of view on energy 
transfer, high transfer efficiency is realized when 
chromophores are close to each other (Forster et al., 
1948; see Chapters 4, Clegg; and 5, van Grondelle 
and Gobets ). In this sense, phycobilisome must have 
been constructed for efficient function, i.e., efficient 
energy transfer. The phycobilisome was discovered 
for the first time in a red alga, Porphyridium cruentum 
(Gantt and Conti, 1966), and then discovered in many 
cyanobacteria, and now it is a ubiquitous antenna 
complex in cyanobacteria, glaucophyta and red al- 
gae. There are three typical morphological forms of 
phycobilisome: hemi-discoidal (Fig. 1; Gantt et al., 
1968), hemi-spherical (Gantt and Conti, 1966) and 
rod-like structure (Guglielmi et al., 1 98 1 ). The last one 
is found in a cyanobacterium Gleobacter violaceus 
(Guglielmi et al., 1981), but it is very rare. 

Phycobilisomes consist of two elements; one is the 
phycobiliproteins that carry chromophores and the 
other, the linker polypeptides that connect phycobili- 
proteins in proper order and proper spatial position. 
In the rod structures (phycoerythrin, phycoerythro- 
cyanin and phycocyanin), there are specific linker 
polypeptides that determine positions of individual 
elements in the rods. In the allophycocyanin core, 
the same kind of linker polypeptides is present. In 
addition to these, a specific linker polypeptide that 
comiects phycobilisomes with thylakoid membranes 
is present; it is called the anchor polypeptide, usually 
abbreviated as L CM (Redlinger and Gantt, 1982). It 
is a high molecular weight polypeptide in the range 
of 65 to 130 kDa, depending on the species; it car- 
ries one chromophore (PCB) (Gindt et al., 1992) 
through which excitation energy is transferred from 
phycobilisomes to the Chi a in thylakoid membranes 
(Mimuro et al., 1986b). 



III. Excitation Energy Transfer and 
Trapping 

The main function of antenna system is absorption 
of light and transfer of excitation energy to RCs in 
thylakoid membranes (see discussions in Govindjee 
et al., 1986; Chapter 4, Clegg). Energy transfer 
pathways and efficiency is determined by the spatial 
arrangement of pigments; the mechanism of energy 
transfer also depends on molecular interaction that is 



governed by the spatial arrangement (Holcomb and 
Knox, 1996). Distances between pigments, in general, 
are closer in Chls in membrane -bound antenna than 
those in the phycobiliproteins. Therefore, energy 
transfer mechanism may be different in the two cases. 
We shall discuss the energy transfer pathways and 
mechanisms in phycobiliproteins and among Chi a 
molecules in Section IV For a historical minireview 
on visualization of excitation energy transfer in 
photosynthesis, see Mimuro (2002). 

A. Energy Transfer and Migration at the Level 
of Phycobiliproteins 

1. Energy Transfer in C-phycocyanin 

In 1985, the crystal structure of C-phycocyanin 
isolated from cyanobacterium Mastigocladus lam- 
inosus was shown by research groups in Germany 
and Switzerland (Schirmer et al., 1985). This was 
the key event for the analysis of energy flow and 
transfer mechanism in phycobiliproteins. The crys- 
tal structure clearly shows the locations of the three 
chromophores and their environment, that is, amino 
acids surrounding the chromophores that affect the 
electronic state of the chromophores. The crystal 
structure, however, does not tell anything about the 
energy levels of chromophores; one possible way 
to approach the energy levels of individual chromo- 
phores is the molecular orbital calculations based on 
several assumptions. Although it is valid to estimate 
the energy levels, it is not enough to predict the exact 
energy levels. 

In 1986, Mimuro andhis coworkers (1986a) experi- 
mentally determined the energy levels of three chro- 
mophores in C-phycocyanin. They combined several 
spectroscopic techniques (absorption, circular dichro- 
ism, fluorescence and fluorescence polarization) and 
succeeded in reproducing the spectrum of the three 
individual chromophores. The result showed that the 
energy levels are in the order (highest to lowest) of 
|3-155, a-84 and [>-84 chromophores. This indicates 
that the energy transfer oc curs from the outside to the 
inside of the ring structure of C-phycocyanin trimer. 
When the energy levels of individual chromophores 
are combined with other factors relating to orientation 
factors, the energy transfer pathways are resolved at 
the level of individual chromophores in the hexamer 
or higher assembly units of C-phycocyanin in the 
rod structure of phycobilisomes (Sauer and S cheer, 
1988; Mimuro, 1990). 
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2. Energy Transfer in Allophycocyanin Core 
and to Membrane-bound Antenna 

The general rule of energy flow from outside to 
inside of C-phycocyanin trimer was not necessar- 
ily the case in allophycocyanin; here, a different 
energy flow pathway(s) was postulated. There are 
four kinds of trimer units in allophycocyanin core; 
(a 3 P 3 )L c , (0I3P3), (a 2 P 2 p ' )L cm and (oc a 2 P 3 )L c , 
(L c , a linker polypeptide in an allophycocyanin 
core) and these four are postulated to be arranged in 
this order in the dodecamer unit in allophycocyanin 
core (Glazer, 1985). It is known that a APB and L CM 
have almost comparable and the lowest energy lev- 
els among chromophores in allophycocyanin core; 
therefore, they are assigned to be the energy sinks. 
Those two are independent in terms of energy flow, 
as shown by the fluorescence polarization spectrum 
(Mimuro et ah, 1986b); energy acceptor of the L CM 
is Chi a in the membranes, but the energy acceptor 
of a APB is something else, the nature of which is not 
yet resolved (Fig. 1). 

By the analogy of the crystal structure of C-phyco- 
cyanin, the a APB is expected to be located at the outside 
of the trimer ring (Fig. 1), and this location ensures 
that the energy can easily move from phycobilisomes 
to other component(s). The PS I complex is one of 
such candidates. The L CM has a chromophore-binding 
site near the N-terminal and the other part interacts 
with allophycocyanin like a linker polypeptide (Gindt 
et al. , 1 992), suggesting that the chromophore will be 
farther from the trimer ring structure. This location 
ensures the energy flow from the L CM to membrane- 
bound antenna components (CP-43/CP-47). 

3. Overall Energy Transfer in Phycobilisomes 

It is observed that in phycobilisomes, energy flow 
occurs unidirectionally from the outer tips of the 
phycobilisome rods to the allophycocyanin-core. The 
energy levels of several C-phycocyanin hexamers 
in a rod structure are gradually lowered toward the 
allophycocyanin-core (Glazer, 1985); therefore, the 
probability of energy flow is unidirectional towards 
the core. It resembles a ‘funnel’ model. Of course, 
the ‘uphill’ energy flow in the opposite direction is 
possible when thermal energy is given to a specific 
chromophore, however its probability is low, leading 
to the overall unidirectional energy flow. 

In a phycobilisome that consists of 6 phycocyanin 
rods with 3 hexamers and 3 allophycocyanin dodec- 
amers, the total number of chromophores is expected 



to be 324. Energy levels of these chromophores might 
be different in specific cases due to differences in mo- 
lecular environments surrounding the chromophores . 
However, thermal energy at physiological temperature 
(k'T = 200 cm 1 ) will induce variations of these energy 
levels, leading to presence of multiple chromophores 
that have identical energy levels. Under this condi- 
tion, the energy transfer pathway in phycobilisomes 
is not unidirectional towards the RC complex, but 
additional pathways are made available. 

The time-resolved fluorescence spectrum of iso- 
lated phycobilisomes showed a gradual shift of the 
maximum within one species of phycobiliprotein (Fig. 
4; Mimuro etal., 1989), and this was a reflection of the 
presence of multiple components whose energy levels 
are slightly different. At physiological temperature, 
a wide bandwidth indicates equilibrium of energy 
distribution in the phycobiliproteins (Yamazaki et al., 
1984). A long-lived fluorescence component works 
as an energy reservoir. The equilibrium among chro- 
mophores is not apparently included in the estimation 
of energy transfer efficiency; however this fraction is 
significant under physiological conditions. This fac- 
tor, therefore, might be a topic for further study on 
the energy transfer efficiency in phycobilisomes. 

B. Energy Transfer from Phycobilisomes to 
Membrane-Bound Antenna and Trapping of 
Energy 

1. Phycobilisome as an Energy Distributor to 
Both Photosystems 

A function of phycobilisome is to funnel energy to 
the membrane-bound Chi (/-antenna complex, pref- 
erentially to PS II. An overall transfer efficiency from 
phycobilisome to PS II RC is not necessarily high: it 
was estimated to be 70 to 85%. When phycobilipro- 
teins are excited, fluorescence from PS I and PS II are 
observed at 77 K, indicating that phycobiliproteins 
are a sensitizer of both photosystems (Ley and Butler, 
1977; Mimuro and Fujita, 1977), but the pathways of 
energy transfer from phycobilisomes to PS I are not 
necessarily clear. There are two possible pathways 
(Fig. 5):adirectroutefromphycobilisomestothePS I 
core complex, as proposed by Mullineaux et al . ( 1 994; 
1997), and an indirect route via PS II. Ley and Butler 
(1977) showed that about 50% ofthe energy absorbed 
byphycobilisome is transferred to PS I when the PS II 
traps are open, and that this fraction increased up to 
90 to 95% when the PS II traps are closed. This indi- 
cated that phycobilisomes are a distributor of energy 
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Fig. 4. Time-resolved fluorescence spectra of intact cells of cyanobacterium Anabaena variabilis (M-3 strain) at 77K. Excitation wave- 
length was 560 nm, and the time-resolution of spectra was 6 ps. Vertical lines indicate locations of the fluorescence maxima at the end 
of spectra. Red-shift of the fluorescence was clearly resolved at the level of phycocyanin, allophycocyanin. Photosystem II Chlorophyll a 
(PS II Chi a) and PS I Chi a. At 1 0.8 1 ns, two bands were resolved at 684 and 693 nm, and these are interpreted as delayed fluorescence 
from PS II due to charge recombination. (Data of Mimuro M, Yamazaki I, Tamai N, and Katoh T, unpublished). 



depending on the open and closed state of PS II, and 
energy is always distributed to both photosystems. The 
probability of charge recombination in PS II RCs is 
usually very low when the traps are open (less than 
1% in intact cells) (Haugetal., 1972; Arnold, 1991); 
it is unlikely that the transfer of energy to PS I repre- 
sents only the excess energy available from charge- 
recombination. There are two possibilities: either a 
direct transfer because phycobilisomes are physically 
connected to PS I or a constitutive process in which 
energy flows transiently through the PS II antenna. 
If phycobilisomes are connected directly to PS I, we 
might expect the rise time of phycobilin-sensitized 
emission from PS I at low temperature to be much 
shorter than that of emission from PS II; however, to 
our knowledge, such fluorescence kinetics have not 



been observed. In the measurements shown in Fig. 4, 
for example, fluorescence from PS I and PS II rose 
with essentially similar kinetics. It was reported that 
under the state II condition, energy transfer from 
phycobilisomes to PS II decreased (Mullineaux and 
Holzwarth, 1991), indicating that phycobilisomes are 
still attached to PS II. The alternative explanation is 
detachment of phycobilisomes from PS II under the 
state II condition. 

The two trimer units, (a 2 (3 2 |3 18 3 )L CM and (a APB a 2 (T) 
L c , are located side by side in the allophycocyanin 
core. This arrangement will explain the energy distri- 
bution to PS I and PS II depending on the open and 
closed state of PS II. When PS II is closed, energy 
equilibrium will be established between L CM and 
a APB , and then the equilibrium will shift to the a APB , 
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Fig. 5. Molecular mechanisms proposed for changes in the energy distribution between Photosystems I and II. PS II is shown as a dimer 
and PS I, as a trimer. The left side corresponds to the state I, and the right side, to the state II. (A) Movement of phycobilisome between 
two photosystems. (B) Changes in the flux of spillover from PS II to PS I. In this case, phycobilisomes are always attached to PS II. 
(C) Detachment and attachment of phycobilisomes with PS II. Among the three models (see text), phycobilisomes can be an energy 
distributor only in the case of (B). The docking site of phycobilisomes to the PS II-core was not yet resolved clearly. 



leading to the energy flow to component s) other 
than PS II. This might be an alternate explanation 
for energy distribution to that involving movement 
of phycobilisomes on the membranes (Fig. 6). 

In terms of energy distribution to the two pho- 
tosystems, the idea of the ‘state transition’ is very 
important under the physiological condition (Chapter 
1 7, Allen and Mullineaux). As shown in Fig. 5, three 
models are proposed for the explanation of state 
transitions, and these three are also closely related 
to energy distribution from the phycobiliproteins to 
membrane-bound antenna Chi a. Among these three, 
however, the model B is compatible with the idea of 
phycobilisome as an energy distributor. 

2. Energy Migration in Individual Photosys- 
tems 

A difference in the energy levels of antenna Chi a 
molecules in PS II is small, indicating that the RC 
is not a deep trap. This is also the case for PS I, even 
though the difference is little larger than that in PS II. 
Flowever, P700 is still not a deep trap. This leads to 
energy migration in individual photosystems as well 
as ‘spill over’ of energy from PS II to PS I. Whether 
‘spill over’ exists in cyanobacteria and red algae is 
not certain. 



According to classical spectral analysis of ab- 
sorption spectrum of membranes of cyanobacteria 
(French, 1971), there are several Chi forms with 
different energy levels between 660 nm to 700 nm. 
This pattern does not necessarily reflect the energy 
levels of individual Chi molecules; however, it indi- 
cates that the energy difference among components 
is small; thus the energy transfer can occur on 
both sides of energy levels. Up-hill energy transfer 
among Chls (Mimuro et al., 2000), and from Chi to 
allophycocyanin has been reported (Wang and My- 
ers, 1977) in several cyanobacteria. Equilibration of 
energy distribution in antenna system is a well-known 
phenomenon. 

At the moment, the ‘spill over’ of energy from 
PS I to PS II is not known. In general, a smaller 
energy difference between PS I and PS II will en- 
able the energy flow from PS I to PS II. The PS I 
consists of two large polypeptides and nearly 100 
Chi a molecules; therefore, energy migration among 
PS I Chi a molecules is preferable and an outflow 
of energy from PS I is hardly expected. This might 
be one of the reasons for the absence of energy flow 
from PS I to PS II. Another consideration is the pres- 
ence of several long-wavelength absorbing forms of 
Chi a in PS I that might act as energy traps (Jordan 
et al., 2001). 
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PS II Chi a 

Fig. 6. Equilibration of excitation energy between two terminal 
pigments of phycobilisomes. C in the L CM indicates the chromo- 
phore that connects to Photosystem 11 chlorophyll a (PS 11 Chi a) 
in membranes. Two trimer units, (a 2 P 2 |3 ,s3 )L CM and(a Al ‘ u a 2 P 3 )L c 
are located side-by-side in the allophycocyanin dodecamer; the 
energy levels of the p-84 chromophores are very close to each 
other, thus equilibration of excitation energy among p-84 chromo- 
phores is easily established. When the PS II is closed, the energy 
flow in the direction of a APB is preferable. 

3. Origins and Diversity of Photosystem I 
Fluorescence 

It has been believed that fluorescence from intact cells 
at physiological temperature preferentially comes 
from PS II, and PS I fluorescence is not detected 
under this temperature condition. This is not neces- 
sarily correct, because at room temperature, a very 
short-lived fluorescence component was resolved 
in the wavelength region longer than 700 nm. It 
was found in a green alga Chlorella pyrenoidosa 
at approximately 715 nm (Yamazaki et al., 1985), 
in spinach chloroplasts at approximately 715 nm 
(Mimuro et al., 1987), and in a cyanobacterium A. 
marina at approximately 740 to 750 nm (Mimuro et 
al. 1999b). These fluorescence emissions most prob- 
ably come from PS I. 

It is well known that spectral locations of PS I fluo- 
rescence at 77 K vary depending on the species: their 
range is from 715 to 735 nm, and in an exceptional 
case at wavelengths longer than 740 nm (Murata and 
Satoh, 1 986). The locations are species-specific char- 



acters, and it is not necessarily easy to find correlation 
between the classification or taxonomic lineage and 
the fluorescence characters. The other feature of the 
PS I fluorescence is a wide bandwidth; compared 
with that of the 685 nm and 695 nm fluorescence 
(approximately 12 nm), PS I fluorescence was in a 
range of 30 to 40 nm. This evoked two interpreta- 
tions: one is that the PS I fluorescence consists of 
multiple components, each of which has the similar 
bandwidth to that of the 685- and/or 695-nm band. 
The second one is that PS I fluorescence band is es- 
sentially wide due to unknown reasons. Even under 
the very low temperature condition, it is rare that the 
PS I fluorescence band is split into multiple compo- 
nents. Low temperature (4-77 K) emission spectra of 
Anacystis nidulans showed at least two bands, one at 
720 nm, and another at 735 nm (Cho and Govindjee, 
1 970). Multiple peaks were frequently resolved by the 
second- or the fourth-derivative spectrum (Ley and 
Butler, 1977); sometimes, more than two components 
were resolved. 

Time-resolved fluorescence spectra have provided 
a fair evidence for the presence of multiple PS 1 
fluorescence bands (Fig. 4). When intact cells of a 
cyanobacterium Anabaena variabilis (M-3 strain) 
were excited, we observed a successive red shift of 
the Chi a fluorescence. Just after the excitation, the 
peak was located at 7 1 0 nm, and shifted continuously 
to the red, and finally reached 728 mn. This clearly 
indicated the presence of multiple fluorescence com- 
ponents, even though there was no clear resolution 
of individual band locations. 

The crystal structure of PS I of S. elongatus indi- 
cates the presence of strongly coupled Chi molecules 
(Jordan et al., 200 1 ), one trimer and three dimers. Due 
to strong interactions, these nine Chi a molecules can 
be the red-shifted components whose energy levels 
could be lower than that of P700. This phenomenon, 
however, does not straightforwardly correlate with 
the long-wavelength fluorescence components at low 
temperature. In the organic solvents, a fluorescence 
quantum yield of Chi aggregates was very low (Oba et 
al., 1 997). This might be due to vibrational relaxation, 
but it is not clear whether the same relaxation mode 
is operative in the pigment-protein complex; in the 
protein, movement of those Chi a molecules might 
be strictly suppressed, leading to a high fluorescence 
yield. This point will be a new topic in the study of 
Chi a organization in the PS I. In a cyanobacterium 
G. violaceus , PS I fluorescence at 77 K was absent 
(Koenig and Schmidt, 1995; Mimuro et al., 2002); 
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this was proved by the time-resolved fluorescence 
spectrum with a resolution better than 3 ps. The 
same phenomena were found in the prasinophyte 
Mantoniella squamata (Wilhelm et al., 1993) and 
oin a dinoflagellate Gonyaulax polyedra (Govindjee 
et al., 1979). Therefore, it is necessary to survey 
systematically the origins of the PS I fluorescence 
in oxygenic photosynthetic organisms and molecular 
organization of Chi as in the RC complex. 



IV. Energy Transfer Mechanisms 

A. Energy Transfer among Chlorophyll and 
Carotenoid Molecules 

Three kinds of interactions are proposed for the 
energy transfer processes: a very weak interaction, 
an intermediate interaction and a strong interaction 
(Holcomb and Knox, 1996). Except for the bacterial 
antenna system, there is no indication that strong in- 
teractions exist in an antenna system (Sumi, 1998; van 
Oijenetal., 1999). From the historical point of view, 
a very weak interaction has been postulated to be the 
main mechanism for the energy transfer. However, the 
crystal structures of LHC II (Kiihlbrandt et al., 1 994), 
PS I RC (Jordan et al., 2001), and PS II RC (Zouni et 
al., 2001; Kamiya and Shen, 2003) complexes show 
that intermolecular distances between Chi molecules 
in the complexes are very short, thus a very weak 
interaction might not necessarily be applicable. In 
this sense, an intermediate interaction has a role in 
the energy transfer processes. 

As for analyses of the energy transfer processes 
from carotenoids to Chi, there has been significant 
development during the last decade by monitoring 
fluorescence with the up-conversion method in the 
femto-second time range (Mimuro and Akimoto, 
2003). In LHC II, energy transfer from carotenoids 
to Chi a is facilitated by the S 2 -S 2 transfer, that is, 
from the optically allowed S 2 state of carotenoids to 
the S 2 state of Chi a (Walla et al., 2000; Croce et al., 
2001). The most probable transfer mechanism is the 
Coulomb interaction (Forster, 1 948), not the electron 
exchange interaction (Dexter, 1953). Since transition 
to the S, state of carotenoid is optically forbidden, the 
S [ state is used only for carotenoids containing a keto- 
carbonyl group (Akimoto et al., 1996; Mimuro and 
Akimoto, 2003). In cyanobacteria and red algae, the 
main carotenoids are p-carotene and zeaxanthin, and 
those are mainly associated with PS I in cyanobacteria 



and red algae, and LHC I of red algae, p-carotene is 
also associated with PS II core complex, CP-43/CP- 
47. It has been known that in cyanobacteria and red 
algae, carotenoid( s) function as antenna only for PS I 
(Goedheer, 1968). This process might be facilitated 
by the S 2 -S 2 transfer. 

Cyanobacteria and red algae seem to be excep- 
tions since carotenoids do not appear to be involved 
in any photoprotection via the ‘xanthophyll cycle’ 
(Yamamoto etal., 1967; Yamamoto 1979). However, 
zeaxanthin possilbly acts as a quencher of the excited 
singlet state of Chi a, because a number of conjugated 
double bond of zeaxanthin is 1 1 and its S, state level 
is a little lower than that of PS II Chi a or comparable 
to that of PS I Chi a (Fig. 7). This is also the case 
for p-carotene. Therefore, if zeaxanthin accepts the 
energy from Chi a, whose energy level is higher than 
that of zeaxanthin, the singlet excited state of Chi a 
is quenched, leading to a protective action of carot- 
enoids, even though this process is not yet shown to 
exist in cyanobacteria and red algae. (Chapters 19, 
Bruce and Vasil’ev; 20, Golan et al.; 21, Gilmore; 
and 22, Adams and Demmig-Adams) 

B. Energy Transfer through the Forster Mech- 
anism in C-phycocyanin and Allophycocyanin 

Energy transfer in phycobiliproteins is, on the other 
hand, governed by the Forster mechanism, that is, a 
very weak interaction, simply because the mutual dis- 
tance between chromophores are far, at least 20 A in 
the center-to-center distance (Schirmer et al., 1 986). 
Therefore energy transfer in phycobiliproteins might 
be a good test for the validity of the Forster theory in 
the spatially fixed geometry, which has never been 
realized in the solution system. The Forster theory 
itself, however, is applicable to the strong coupling 
case (Knox, 1996). 

Energy transfer pathway and mechanism were 
clearly resolved for the specific pathway between the 
a-84 chromophore and the p-84 chromophore in C- 
phycocyanin and allophycocyanin. In C-phycocyanin, 
absorption spectra of individual chromophores were 
resolved by spectral analysis (Mimuro et al., 1986a) 
and the other factors related to spatial distribution 
(distance and orientation factor) were resolved 
by the crystal structure (Schirmer et al., 1986). 
Combination of these factors lead to calculation of 
the energy transfer rate on the basis of the Forster 
mechanism; actually the estimated transfer rate was 
2 x 10 12 sec -1 , that is, the transfer time was approx- 
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Fig. 7. Energy diagram of three kinds of pigments functioning in cyanobacteria and red algae. Energy diagram of chlorophyll (Chi), 
carotenoids, and phycobiliproteins in cells. Except for Chi a , representative values are shown in the figure, and as for Chi a y actual 
distribution of energy levels are shown. For carotenoids, fi-Car, Z, and O mean p-carotene, zeaxanthin and oscillaxanthin, respectively. 
Energy levels of their S 2 states are measured in membrane preparations; however those of the S, states have been measured only in 
organic solvents, and shown with asterisks. 



imately 0.5 ps (Sauer and Scheer, 1988). Gillbro et 
al. ( 1 993) directly measured the transfer time by the 
ultrafast laser spectroscopy and obtained the trans- 
fer time of 0.53 ps. This agreed very well with the 
predicted value. It clearly indicates that the energy 
transfer process between the a-84 chromophore 
and the P-84 chromophore can be explained by the 
Forster mechanism. This was the first clear example 
that the Forster mechanism is functional in the energy 
transfer in photosynthetic antenna system. A similar 
experiment was performed on the a-84 chromophore 
and the p-84 chromophore of allophycocyanin trimer 
(440 fs; Sharkov et al. 1 992) and phycoerythrocyanin 
trimer (500 fs; Hucke et al., 1993), in good agree- 
ment with the case of C-phycocyanin, even though 
the spectral properties of the two chromophores are 
slightly different. Based on the above results, it is 
reasonably concluded that the energy transfer between 
the specific two chromophores in C-phycocyanin and 
allophycocyanin follows the Forster mechanism (see 
Chapter 4, Clegg for a theoretical discussion). 



V. Diversity of Pigments and Antenna Sys- 
tems in Cyanobacteria 

It had been generally believed that cyanobacteria 
and red algae contain only Chi a as Chi species. 
This idea, however, was changed by the discovery 
of a Chi ^-containing prokaryote, that is, Prochloron 
(e.g. Lewin and Withers, 1975). Afterwards, other 
Chi ^-containing prokaryotes were identified; thus, 
Chi b in prokaryotes became not to be a rare feature. 
Miyashita et al. (1996) isolated a Chi (7-containing 
prokaryote from symbiotic acidian and named it 
Acaryochloris marina . This prokaryote contains 
Chi d as a major component(~95%), a small amount 
of Chi a (~3-4%), and a tiny amount of Chi c-like 
pigment (Mg-DVP) whose conjugated double bond 
system is similar to porphyrin. This finding indicates 
that in oxygenic photosynthetic prokaryotes, at least 
four types of Chi species are present, Chi a , Chi b , 
Chi c-like pigment, and Chi d (Fig. 2 A). This diversity 
in pigment composition suggests that the origin and 
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diversity of Chls in oxygenic photosynthetic organ- 
isms oc curred in the early stage of evolution (Chapter 
9, Itoh and Sugiura). 

A. Chlorophyll alb System 

It is known that two species contain Chi b in pro- 
karyotes: Prochloron sp. (Lewin and Withers, 1975), 
as mentioned above, and Prochlorothrix hollandica 
(Burger- Wiersma et al., 1986). On the other hand, 
Prochlorococcus marinum contains divinyl-Chl a 
and divinyl-Chl b (Chisholm et ah, 1989). These 
species had been called ‘prokaryotic green algae’ 
due to the presence of Chi b; however, based on the 
16S rRNA analysis, these three did not form a cluster 
in the phylogenetic tree but were categorized as pre- 
existing branches of cyanobacteria (Urbach et ah, 
1992). Thus the presence of Chi b synthase (Chi a 
oxygenase, CAO ) gene (Tanaka et al. , 1 998; Tomitani 
et ah, 2000 ) might be widely spread in cyanobacteria 
in their origin, or a gene transfer occurred frequently, 
even though there is no clear evidence for it. 

Chi b in these cyanobacteria functions as antenna 
pigments; critical difference in the organization of 
the antenna system is difference in an apo-protein 
to which Chi b molecules bind. In the case of green 
algae or land plants, Chi b molecules bind to LHC 
family proteins, such as, LHC II and LHC I. However, 
in cyanobacteria, Chi b molecules bind to CP-43 ' 
(LaRoche et ah 1996) whose sequence is similar to 
CP-43 . A unique feature of CP-43 ' is a higher Chi alb 
ratio (LaRoche et ah 1996 ) than that in LHC II ( Kiihl- 
brandt et ah, 1994). This might be a consequence of 
the origin of CP-43 ', that is, many of the binding sites 
of CP-43 are restricted to Chi a, whereas Chi b can 
bind only to a limited number of sites. 

B. Chlorophyll ald-Phycobilin System 

In 1996, A. marina was the only one species rec- 
ognized to contain Chi d, even though Chi d was 
discovered in 1943 by Manning and Strain. The Chi d 
content is more than 95%, but a small amount of Chi a 
is always found (Miyashita et ah, 1997; Akiyama et 
ah, 2001 ). A major carotenoid is a-carotene, instead 
of p-carotene, and a small amount of phycobiliprotein 
is also found and they are part of the antenna of PS II 
(Miyashita et ah, 1997). Phycobiliprotein content is 
variable depending on the growth condition. 

In an organic solvent, such as diethyl ether, the 
absorption maximum of Chi d is located at 691 nm, 



much longer than that of Chi a (660 nm). There- 
fore, the energy transfer from Chi d to Chi a would 
be inefficient, even if it did occur. However, it was 
shown that in intact cells, Chi d is effective for 
oxygen evolution (Miyachi et ah, 1997); a quantum 
yield of oxygen evolution by Chi d excitation was 
comparable to that by phycobilin excitation. This 
phenomenon was explained by the up-hill energy 
transfer from Chi d to Chi a in PS II (Mimuro et ah, 
2000), suggesting that the orientation and distances 
must have been favorable. In addition, an interplay 
with efficient photochemistry at the RC may have 
also played a role here. 

Murakami et ah (200 1) have now found a prokary- 
otic organism(s) that contains Chi d on the surface of 
red algal thalli. Since its discovery in 1943 (Manning 
and Strain, 1943), this Chi species has been thought 
to be an enigma; however re -discovery of the Chi d- 
containing species on the surface of red algal thalli 
have resolved the problem of the presence of Chi d 
in red algae. 

C. Ancestral Chlorophyll ale System 

Chi c is unique in its ir-electron system of macro- 
cycles . Although it is called Chi, its it-electron system 
is essentially identical to porphyrin, because four 
rings are conjugated to each other. The absorption 
spectrum of Chi c, thus, shows a weak absorption 
in the red region and a strong absorption in the blue 
or violet region (the Soret band), similar to that of 
porphyrin. In cyanobacteria and red algae, this type 
of Chi has been searched for a long time; however, 
Chi olike pigment was only recently discovered in 
several species of prokaryotes (Chisholm et al., 1988; 
Goericke and Ripeta, 1992; Miyashita et al., 1997). 
This might be due to an improvement of the isolation 
and detection techniques, such as high performance 
liquid chromatography (HPLC) and a photodiode 
array-detector. 

in A. marina , Chi olike pigment (Mg-DVP) is pres- 
ent, even if its content is less than 1 % of total Chi. Its 
content varies depending on the growth conditions, 
and Mg-DVP works as an antenna pigment. Mg-DVP 
has a similar molecular structure to Chi c 2 (Fig. 2A), 
but an alkyl chain is slightly modified. Its localization 
in cells is not yet clear. After the discovery of the Chi 
alb prokaryote, search for a Chi ale prokaryote has 
been made; however this has not succeeded. Instead, 
some species containing Chi a and Mg-DVP were 
identified; in this sense, Chi a-Mg-DVP species could 
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be assigned to an ancestor of Chi ale plants, even 
though this could not be necessarily rationalized. 

D. Diversity of Phycoerythrin 

Diversity of phycoerythrin is frequently observed, 
although this is not true for other phycobiliproteins. 
Phycoerythrin of cryptophytes is very different from 
that of cyanobacteria and red algae (Wilk et al. 1 999). 
Thus, there might be some definite reason for varia- 
tions of phycoerythrin, although it is not yet known. 
In the original terminology, C -phycoerythrin was the 
one found in cyanobacteria, and the same situation 
was applied to B- (or b- ) phycoerythrin and R-phy- 
coerythrin; B- orb-type phycoerythrin was found in 
Bangiales, a lower class of red algae, and R-type, in 
red algae (Rhodophyta). However, this classification is 
no longer correlated with the taxonomy of organi sms . 
For example, a three -peaked phycoerythrin (R-phy- 
coerythrin) is found in a fresh- water cyanobacterium 
G. violaceus (Bryant et al., 1981). 

In general, fresh- water and soil cyanobacteria pos- 
ses only PEB as a chromophore. On the other hand, 
marine cyanobacteria posses PUB in addition to 
PEB, and the content of PUB is variable, leading to 
diversity of phycoerythrin (Table 1). Sometimes, the 
PUB content is higher than the PEB content, giving 
rise to the absorption maximum at approximately 
500 nm, instead of the 550-nm peak. Increase in the 
PUB content was realized either by replacement of 
PEB with PUB or by acquiring a new chromophore 
binding site at the position 75 of an amino acid se- 
quence of the a-subunit. 

E. Flexibility of Apo-protein for Binding of 
Extrinsic Pigment(s) 

When one gene for pigment biosynthesis is inserted 
and expressed in cells that intrinsically do not hold 
such gene, a new antenna system will be constructed 
if an extrinsic pigment can bind to a pre-existing pro- 
tein. An isolation of the CAO (Chi a oxygenase) gene 
initiated this kind of analysis. Chi b was synthesized 
in Synechococcus sp. PCC6803 by insertion of the 
C AO gene and Chi b was preferentially incorporated 
into the PS I core complex, and Chi b transferred its 
excitation energy to Chi a, proving a proper function 
(Satoh et al. 200 1 ). Even though the content of Chi b 
was less than 10% of total Chi, newly acquired pig- 
ments became an element of the pre-existing antenna 
component . If Chi b was not bound to a protein(s), it 



most probably would yield a triplet state and further 
form singlet oxygen that initiates a serious damage 
of cells. Thus, binding of a new pigment to the pre- 
existing protein is the first step for a new antenna 
system. This was realized in cyanobacteria. 

The other approach using the CAO gene is the 
incorporation of Clil b in a LhcB in cells lacking 
PS I RC complex (Xu et al., 2001). In this case, 
Chi b was abundantly synthesized and incorporated 
into LHC II. Energy transfer efficiency from Chi b to 
Chi a was normal, suggesting that affinity of Chi b is 
higher for the LHC family protein than for PS I core 
complex. The in vitro reconstituted experiments also 
showed the flexibility of apo-proteins (Grabowski et 
al., 2001). 

These approaches clearly show that pre-existing 
protein has flexibility to accept extrinsic pigments. 
In some binding sites, discrimination of Chi species 
might be very strict; however, in some other site(s), 
discrimination may not be so strict. This flexibility 
of protein(s) will be one of the major forces for a 
new antenna system. 



VI. Concluding Remarks 

Crystal structures of phycobiliproteins, reaction 
centers, and other antenna components have become 
available during the last five years. The absorption 
of light energy, excitation energy transfer processes, 
and these mechanisms are now explained on the ba- 
sis of molecular structure at the atomic resolution. 
However, molecular architecture of hemi-spherical 
phycobilisomes has never been resolved even 30 years 
after its discovery. In this sense, our knowledge on 
the antenna system of cyanobacteria and red algae 
is not comprehensive but available only on specific 
species. Development of new molecular biological 
approaches for all important species is necessary 
for the understanding of the entire antenna system. 
Diversity of antenna system is currently well known, 
and this will bring about a new insight into the mo- 
lecular-based analyses of antenna systems. 
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Summary 

Photosystem II (PS II) is a light-dependent water: plastoquinone-oxidoreductase, an enzyme that uses light 
energy to oxidize water (with release of oxygen and protons) and to reduce plastoquinone (with uptake of 
protons). Complex multisubunit structure of PS II is needed to couple together the capture of light energy, 
oxidation of water, reduction of plastoquinone, formation of a transmembrane proton gradient and to regulate 
photon, electron and proton fluxes. In this chapter, we first provide a background on PS II since the fluorescence 
of this system is not only much higher than that of PSI, but is sensitive to many photosynthetic reactions. We 
specifically focus on chlorophyll (Chi) a fluorescence data obtained by pump-and-probe’ technique. When 
activated by a series of actinic light flashes, Chi a fluorescence is modulated with period four and period two. 
To explain such periodic modulation of Chi a fluorescence, we use the Kok model of S-state transitions (Kok 
et al., 1 970 ) and extend it using different existing approximations relating measured Chi a fluorescence to the 
concentration of multiple fluorescence quenchers. The analysis of the same data set using these approximations, 
discussed fully in the text, shows that all of them give qualitatively similar values of the lifetimes and normalized 
concentrations for the quenchers. These approximations provide useful insight into semi-quantitative analysis 
of the effects of different quenchers on the Chi a fluorescence. Because the same light activates both the donor 
and the acceptor sides of PS II, the Kok model can be extended to analyze the period two modulation of Chi 
a fluorescence that originates from the acceptor side. Depending on initial conditions of the acceptor side of 
PS II, there are two main cycles of oxygen evolution, the so-called V and W cycles. In each of these cycles 
the binary oscillations of the Q B semiquinone can be obtained from the solution for individual S-states. The 
simple analytical solutions for individual S-states, Q B semiquinone, oxygen evolution and Chi a fluorescence, 
calculated on the basis of the Kok model with the same parameters, provide basis for quantitative description 
of charge accumulation processes at the donor and acceptor sides of Photosystem II. We conclude that the 
sensitivity of Chi a fluorescence to many natural quenchers not only explains the periodic modulation of the 
fluorescence yield, but also allows us to understand why the fluorescence is an universal tool for monitoring 
different aspects of photosynthesis. 



Abbreviations: ATP adenosine triphosphate; BChl - bacteriochlorophyll; Chi - chlorophyll; ChlZ D1 - Chi molecule bound to Dl- 
Hisll8; ChlZ D2 Chi molecule bound to D2-Hisll7; CO - cytochrome c oxidase; CP43, CP47 - chlorophyll-protein of Mr 43 kDa 
and 47 dDa; Cyt 6559 - cytochrome 6559; Cyt - cytochrome; D1 and D2 - polypeptides of the Photosystem II (PS II) reaction center; 
DCMU - 3- (3 ,4-dichlorophenyl)- 1,1 -dimethyl urea; EPR - electron paramagnetic resonance; F - chlorophyll fluorescence; F 0 - chlo- 
rophyll fluorescence with all reaction centers open; F A , F B - iron- sulfur centers associated with PsaC subunit of PS I; Fd - ferredoxin; 
F m - chlorophyll fluorescence with all reactions centers closed; FNR ferredoxin: NADP reductase; F x - iron-sulfur center bound to 
PsaA and to PsaB subunits of PS I; k AB , k BA - forward and backward rate constants of the reaction Q A Q B Q A Q B ; L AB - equilibrium 
constant of reaction Q A Q B ** Q a Qb > LHC - light-harvesting complex; m AB , m BA - forward and backward rate constants of the reac- 
tion Q a Q b ** Q a Q b H 2 ; M ab - equilibrium constant of reaction Q A Q B ** Q A Q B H 2 ; OEC - oxygen evolving complex; P680 - primary 
electron donor of PS II; P700 - primary electron donor in PSI; P870 - primary electron donor of Rhodobacter sphaeroides reaction 
center; PC - plastocyanin; Pheo - pheophytin; p i (n) - the probability that OEC is in the S i state after n-th flash ; PQ plastoquinone; 
PSI Photosystem I; PS II Photosystem II; Q A — primary acceptor quinone; Q B - secondary acceptor quinone; QH 2 quinol; r - term in 

Eq. (6) responsible for the amplitude decrease of oscillations, r = J(a-fl) 2 +(l — a— p)“ : RC - photosynthetic reaction center; s b initial 
conditions for binary oscillations term in Eq. 6, % = s 0 - s x + s 2 - s 3 ; s n - initial conditions for different S-states of the OEC, s { = p^O); 
S n redox states of the OEC, where n = 0,1, 2, 3, 4 represents the number of oxidizing equivalents; SVD singular value decomposition; 
Y d - redox active tyrosine of the D2 polypeptide; Y z - redox active tyrosine of the D1 polypeptide; a - fraction of misses; (3 - fraction 
of double hits; qp - angle in Eq. (6), qp = arcsin((l - a - (3)/r); qp f - Chi a fluorescence yield; 
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I. Introduction to Photosystem II 

A. General Overview 

The light-induced oxidation of water by Photosys- 
tem II (PS II) of higher plants, algae and cyanobac- 
teria, is the main source of atmospheric oxygen (Ke, 
2001; Whitmarsh and Govindj ee, 2 00 1 ; Blankenship, 
2002). Two partial electron transfer reactions are 
catalyzed by the PS II: (i) oxidation of water (with 
release of oxygen and protons as side products) 
and (ii) reduction of plastoquinone (with uptake of 
protons). These reactions are spatially separated and 
occur on different sides of the reaction center in the 
thylakoid membrane: 

Reaction on the donor side: 

2H 2 0->0, + 4H+ +4e“ (1) 

Reaction on the acceptor side: 

2PQ + 4e- + 4H; itt -2PQH 2 (2) 

Thus, overall reaction driven by PS II is described 
by the following equation: 

2H 2 0 + 2PQ + 4H+ 1 Li#t > 0 2 + 2PQH 2 + 4H+ 

( 3 ) 

Here PQ and PQH 2 are oxidized and reduced plas- 
toquinone-9 molecules. Subscripts ‘in’ and ‘out’ 
indicate inside and outside of thylakoid lumen. 

The transmembrane difference of electrochemical 
potentials of protons (Ap H ), created as result of this 
reaction, is used for the ATP synthesis (Cramer and 
Knaff, 1 990 ). The simplicity of reaction (3) is illusion- 
ary. Over 20 protein subunits are needed to optimally 
catalyze this reaction, and to regulate photon, electron 
and proton fluxes (reviewed in Rutherford et al., 1 992; 
Bricker and Ghanotakis, 1996; Diner and Babcock, 
1996; Green and Durnford, 1996; Hankamer et al., 
1997; Renger, 1997; Barber and Kuhlbrandt, 1999; 
Ke, 2001; Zouni et al., 2001; Ferreira et al., 2004). 

B. Relationship with Other Energy-transduc- 
ing Systems 

The processes of energy transduction in biomem- 
branes of different organisms during electron 
transport in photosynthesis and respiration are fun- 
damentally similar. In all these systems, the coupling 
of electron transport with ATP synthesis occurs via 



tran s membrane difference of electrochemical poten- 
tials of protons. Electron-transport chains play the 
role of proton pumps, in which the redox energy is 
transformed to the energy of transmembrane proton 
gradient, which is used for ATP synthesis and other- 
types of work (Cramer and Knaff, 1990; Ke, 2001; 
Chapter 10, Kramer et al.). 

In addition, electron transfer chains in photosyn- 
thesis and respiration often have analogous electron 
carriers and enzyme complexes. This is especially true 
for the photosynthetic bacteria, as well as cyanobac- 
teria, in which both systems are frequently located 
in the same membrane. The main reason for such 
similarity is the reversal of some partial reactions, 
in respiration, by photosynthetic RCs. For example, 
the Cyt be, complex oxidizes ubiquinol and reduces 
cytochrome c 2 , and, as aresult, generates a transmem- 
brane electrochemical gradient of protons (Cramer 
and Knaff, 1990; Berry et al., 2000). Upon illumina- 
tion, the photosynthetic RC of purple bacteria reduces 
ubiquinone to ubiquinol and oxidizes a water-soluble 
Cyt c 2 , that is the reverse of the electron-transport 
reaction catalyzed by the Cyt bc l complex. Figure 1 
shows a simplified scheme of energy transduction 
in biomembranes with energy coupling between 
complexes of respiration and photosynthesis. 

Several RCs from different sources have been 
crystallized and their structures have been determined 
at atomic resolution (Fig. 2). In spite of significant 
differences in the thermodynamic properties of 
RCs and their terminal acceptors, all known types 
of photosynthetic RCs show significant similarity 
in the arrangement of their cofactors involved in 
the light-induced transmembrane charge separa- 
tion (Fig. 2). This similarity strongly indicates that 
all photosynthetic RCs evolved from one common 
ancestor. The analysis of sequences of different 
photosynthetic genes provides some evidence that 
anoxygenic photosynthetic organisms are ancestral 
to oxygenic ones (Xiong et al., 2000). 



II. Biochemical Organization of 
Photosystem II 

A. Structural Organization of Supercomplex- 
es of Photosystem II 

Significant advances have been achieved recently 
in elucidating the structure of the PS II complex in 
PS II core preparations from different sources using 
electron crystallography and cryoelectron micros- 
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Fig. 1 . Simplified scheme of energy transduction in biological membranes showing the energetic coupling of electron transport chains 
in chloroplasts, mitochondria and photosynthetic bacteria. Energy transduction in the mitochondrial membrane involves at least three 
complexes: NADH dehydrogenase (NADU DH). Cyt lyc { complex and Cyt c oxidase (CO). Each of these complexes is capable of 
generating proton gradient (Ap„). The photosynthetic (purple) bacteria have, in addition to the same complexes, the photosynthetic 
reaction center (RC), which uses the energy of light to reverse the reaction catalyzed by the Cyt bc\ complex, i.e. it reduces quinone 
(Q) and oxidizes cytochrome (Cyt c). This allows considering (with some exaggeration) mitochondria as purple bacteria without RC 
and vice versa. Green plants, algae and cyanobacteria employ the oxygenic type of photosynthesis in which the light energy is used to 
oxidize water and to reduce NADP. They have reaction centers of two different types: Photosystem I (PS I) and Photosystem II (PS II). 
PS II uses energy of light to oxidize water (with release of oxygen and protons as side products) and to reduce plastoquinone PQ (with 
uptake of protons). PS I uses the light energy to oxidize plastocyanin (PC) and to reduce ferredoxin or flavodoxin, which, in turn, can 
reduce NADP via Ferredoxin: NADP-oxidoieductase. Green photosynthetic bacteria with RCs similar to PSI use the energy of the 
light to reverse reactions of both NADH-dehydrogenase and Cyt bc x complex. (Fora general description, see Cramer and Knaff, 1990: 
Whitmarsh and Govindjee. 1999: Ke, 2001: Blankenship, 2002). 



copy. These methods revealed the secondary structure 
of the membrane region of preparations (CP47-RC, 
where CP47 is Chi protein complex of 47 kDa), as 
well as likely positions of the six tetrapyrrole cofactors 
within D1/D2 RC heterodimer (reviewed in Barber 
and Kiihlbrandt, 1999). Hankamer et al. (1999) 
reported a 9 A projection map of a PS II complex 
that maintains the ability to oxidize water. Identi- 
fication and localization Dl, D2, CP47 and CP43 
(Chi protein complex of 43 kDa) in this work was 
confirmed by X-ray structural analysis (Zouni et al., 
2001; Kamiya and Shen, 2003; Ferreira etal., 2004). 
Electron microscopy and single particle analyses of 
negatively stained PS 1 1 complexes isolated from the 



green alga Chlamvdomonas reinhardtii and the ther- 
mophilic cyanobacterium Synechococcus elongaius 
indicate that basic structural features of the PS II core 
dimer is conserved between higher plants, algal and 
cyanobacterial systems (Nield et al., 2000 a, b). The 
membrane part of PS II homodimer in crystals has 
dimensions of 1 90 A x 1 00 A x 40 A. 

B. High-resolution Structure of the Oxygen- 
evolving Core Complexes of Photosystem II 

1. Protein Subunits 

A detailed molecular structure of PS II from Syn- 





Chapter 8 Oxygen Evolution and Chlorophyll a Fluorescence 



201 



-i oh 



B 



P870 



-0.5 A 



h v 



\ 

Bpheo 

\ 

Q A' 



P68q* 

A r 



h v 



0.5 A 



P870 (RC) 



Pheo 

\ 



P700* 

.^A 0 C 

\ 



hv 



P700 (PSI) 



10 A 



OEC I 

^ P680 (PS II) 




Fb 




Purple bacteria 




Plants, algae and cyanobacteria 



Fig. 2. Primary reactions (top) and cofactor arrangement (bottom) in the reaction centers from purple bacteria (A). Photosystem II (B), 
and Photosystem I (C). The figure is based on the coordinates of Jordan et al. (2(X)1 ) for PS I, of Zouni et al. (2001) for PS II and of 
Ermler et al. ( 1994) for bacterial RC and was drawn using Rasmol program. BChl bacteriochlorophyll; Bpheo bacteriopheophytin; 
Chi - chlorophyll; F A . F B iron-sulfur centers associated with PsaC subunit; F x - iron-sulfur center bound to PsaA and to PsaB subunits; 
OEC' oxygen evolving complex; P680 primary electron donor of PS II; P700 primary electron donor in PS I; P870 primary elec- 
tron donor of reaction center of purple bacteria; PC’ plastocyanin: Pheo - pheophytin; PS I Photosystem 1: PS II Photosystem II: 
Q a primary acceptor quinone; Q B - secondary acceptor quinone; QH 2 quinol; RC - photosynthetic reaction center; Y z - redox active 
tyrosine of the D 1 polypeptide. 



echococcus elongatus , active in water oxidation, has 
now been determined at 3.5-3. 8 A resolution (Zouni 
et al., 2001 ; Kamiya and Shen, 2003; Ferreira et al., 
2004). In this bacterium, PS II forms a homodimer. 
Each monomer of the PS II includes the following 
proteins (Zouni et al., 2001 , see Fig. 3): 

• RC proteins D1 (PsbA) and D2 (PsbD); 

• Chl-containing inner-antenna subunits CP43 
(PsbC ) and CP47 (PsbB); 

• Cyt /; 559 subunits (PsbE and PsbF); 

• 8 smaller subunits (PsbH, Psbl, PsbJ, PsbK, 
PsbL, PsbM, PsbN and PsbX). 

In addition, the following three extrinsic proteins 



are located on the lumenal side of PS II: 

• Cyt c550 (PsbV); 

• protein with a relative molecular mass of 1 2,000 
(PsbU); 

• Mn-stabilizing 33 kDa protein (PsbO). 



2. Reaction Center Cofactors 

All the cofactors involved in the primary charge 
separation in PS II are bound within the RC proteins 
D1 and D2. General architecture of the RC of PS II 
is close to that for purple bacteria, but there are 
some significant differences (see Fig. 4). Two Chi 
molecules forming P680 have Mg-Mg distance of 
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Fig. 3. Structure of the PS II from the thermophilic cyanobacterium Synedtococcus elongates (adapted from Zouni et al, 2001 ). A top 
view of the monomer; B side view of the monomer. 



H 0 A (Zouni et al., 200 1 ) that is larger than Mg-Mg 
distance ~8 A between the BChl molecules forming 
P870. As was expected before (Nanba and Satoh, 
1987; Stewart et al., 1998), two additional Chi mol- 
ecules ChlZ D1 and ChlZ D2 are bound to Dl-Hisl 18 
and D2-Hisl 17, respectively. When the Cyt 6559 is 
oxidized, illumination at low temperature results in 
the oxidation of these Chi molecules ( Visser et al., 
1977). It was shown that in spinach both these Chls 
could be photooxidized (with low quantum yield) 
at low temperature, while only one Chi (ClilZ) is 
oxidized in Synechocystis (Tracewell et al., 2001). 
Both ChlZ molecules on D 1 and D2 are located at 
~30 A from P680 (Zouni et al, 2001 ). 

The position of Cyt 6 559 in PS II is very puzzling, 
as well as its function. Most probably it is involved 
in the cyclic electron transport around PS II, as it has 
been suggested by many researchers (Cramer and 
Whitmarsh, 1977; Butler, 1978a; Arnon and Tang, 
1988; Canaani and Havaux, 1990; Shuvalov, 1994), 
and/or in the protection of PS II from photooxidative 
and photoreductive damage (reviewed in Whitmarsh 
and Pakrasi, 1996; Stewart and Brudvig, 1998). 
Cyt 6559 can be photooxidized at low temperature 



(KnafT and Anion, 1969; Vermeglio and Mathis, 
1973; Thompson and Brudvig, 1988). In the natural 
membrane environments Cyt 6559 exists in at least 
two different fonns with midpoint potentials of about 
+400 mV (high-potential form), and +20-100 mV 
(low-potential form) (reviewed in Shuvalov, 1994; 
Whitmarsh and Pakrasi, 1996; Stewart and Brudv ig, 
1998; Kaminskaya et al., 1999). The content of the 
high-potential form generally decreases at elevated 
temperatures, as well as after detergent and salt treat- 
ments, indicating that the high-potential form is the 
physiologically relevant form of Cyt 6559. 

Biophysical studies strongly indicate the involve- 
ment of a carotenoid in the electron transport at low 
temperature (Velthuys, 1981a). In one of the X-ray 
crystallographic structures of PS II, two carotenoid 
molecules were proposed in the region of the RC 
between Cyt 6559 and pheophytin (Kamiya and 
Shen, 2003). 

C. Photosystem II Reaction Center 

The minimal photochemically active subsystem of 
PS II, the so-called PS II RC (PS II RC ), contains D1 
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Fig. 4. Approximate center to center distances (in A) between cofactors in PS II and bacteria] RCs. A - Cofactors of the reaction center 
of Photosystem II from the thermophilic cyanobacterium Synechococcus elongatus. B Cofactors of the photosynthetic reaction center 
from purple bacterium Rhodobacter sph aero ides. B A . B I( (bacterio)chlorophyll molecules in the branches A and B. respectively; II A , 
H b - (bacterio)pheophytm molecules in the branches A and B. respectively: P A , P B (bacterio Chlorophyll molecules, components of 
primary electron donor; Z A , Z B . chlorophyll molecules, ChlZ D1 . ChlZ D: . auxiliary electron donors; Q A primary acceptor quinone; Q B 
- secondary acceptor quinone; Y z , Y D - redox active tyrosine of the D l and D2 polypeptides, respectively: Cyt c550 - cytochrome c550; 
Cyt 6559 - cytochrome 6559. Q B is absent in crystals of PS II. It is positioned here in analogy with RC from purple bacteria. The figure 
is based on the coordinates ofZouni et al. (2001) for PS II and of Ermler et al. (1994) for bacterial RC. 



(PsbA) and D2 ( PsbD ) proteins, cytochrome b 559 
(PsbE and PsbF) and the Psbl gene product (Nanba 
andSatoh, 1987;Satoh, 1996). Two types of prepara- 
tions of PS II RC with different pigment content (6 
Chl/2 Pheo, and 4 Chl/2 Pheo) have been isolated 
(reviewed in Satoh, 1993; 1996). PS II RC can carry 
out the primary charge separation between P680 and 
Pheo. The small number of pigments, and therefore 
small background absorbance of the sample, makes 
it very useful for spectroscopic studies of the fast 
energy and electron transfer reactions (reviewed in 
Seibert, 1993; Satoh, 1996; Greenfield et al., 1997; 
Dekker and van Grondelle, 2000). 

In contrast to bacterial RCs, various PS 11 RC 
preparations do not have functionally active acceptor 
quinones. In spite of significant efforts, successful 
reconstitution of acceptor quinones has not been 
achieved. Nevertheless, the PS II RC binds diuron, 
atrazine and other herbicides (Giardi et al., 1988), 



indicating that major structural elements of the Q B 
binding site are present and functional in the PS II 
RC. The reduced binding of herbicides in PS II RCs 
(Giardi et al., 1988) suggests some modification of 
the binding site. The reason for the absence of binding 
of quinones at Q A and Q B in PS II RCs is not clear at 
this point. One possibility could be the absence of 
non-heme iron in some highly purified Dl/D2/b559 
preparations (Kurreck et al., 1997). Nagatsuka et al. 
(1991) found that binding and function of Q A in PS 1 1 
RC complex is observed only in the presence of CP43 
and CP47 antenna complexes and of an additional 
small membrane protein (PsbL gene product). Later 
it was found that it is the L protein that restores the 
function of the Q A in Dl/D2/CP47/CytB559/I core 
complexes (Kitamuraetal. 1994; Ozawa etal., 1997). 
While this small L protein is found both in higher 
plants and in cyanobacteria, the low homology of 
this protein among different species (Ikeuchi et al., 
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Fig. 5. A simplified scheme of electron transfer in the reaction center of PS II indicating the characteristic times for individual steps. The 
energy of light is used to oxidize the primary electron donor (P680) and to reduce stable electron acceptor (Q A ). The transformation of 
Mn containing oxygen-evolving complex (OEC) through a series of S-states. lies in the heart of the water-splitting reaction of PS II. The 
plastoquinone bound at the Q B site accepts two electrons derived from water and two protons from the stroma before being released into 
the thylakoid membrane in the form of PQH 2 . The formed vacant site is occupied by a PQ molecule from the quinone pool (reviewed 
in Diner and Babcock, 1996: Ke. 2001). Pheo pheophytin; Q plastoquinone pool; Q B - secondary acceptor quinone; S„ the redox 
states of the OEC; Y z redox active tyrosine of the D1 polypeptide. Car, redox-active carotenoid; ChlZ, redox-active chlorophyll in 
reaction center of PS II: ^>559 — cytochrome 6559. 



1989) indicates that its role may be mainly structural . 
Most likely, it restores the native conformation of 
the acceptor side of PS II RC, which is lost during 
isolation of the complex. 



III. Electron Transport 



A. Donor Side of Photosystem II Reaction 
Center 

1. Electron Transfer Reactions in 
Photosystem II 

In PS II, light activates the electron transfer from the 
primary donor ( P680 ) to the pheophytin ( Pheo) accep- 
tor. This is followed by electron transfer to the primary 
quinone acceptor (Q A ) and then to the secondary 
quinone acceptor (Q B ). Unlike Q A , which is normally 
a one-electron carrier, Q n is able to accept two elec- 
trons. In the PS II, the one-electron photochemistry 
is coupled with the both four-electron oxidation of 
water and two-electron reduction of plastoquinone 
(Fig. 5). In addition, there are secondary donors of 
electrons for the P680, which are usually active when 
electron donation from the oxygen evolving complex 



(OEC) is inhibited (indicated by dotted arrows). 

B. Acceptor Side of PS II Reaction Center 
1. Introduction 

In dark-adapted thylakoids, where all Q B semiqui- 
none (Q B ) lias been oxidized to Q B with proper 
exogenous acceptor, the fluorescence measurements 
show that electron transfer from Q A to Q B induced 
by odd flashes is faster than the electron transfer 
from Q a to Q b induced by even flashes (Bowes and 
Crofts, 1980; Robinson and Crofts, 1983; Eaton- 
Rye and Govindjee, 1988a,b; Crofts et al., 1993). 
The Q b H, formed after the second flash exchanges 
with the plastoquinone pool forming initial state of 
the acceptor quinone complex in which both Q A and 
Q b are in the oxidized state (reviewed in Diner and 
Babcock, 1996; Ke, 2001 ). The two-electron nature 
of Q b , the kinetic stability of the Q B semiquinone, as 
well as fast exchange of natural forms of quinones 
at Q b site with quinones of membrane pool, are the 
main properties of the two-electron gate working at 
the acceptor side of PS 1 1 ( Fig. 6). 
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Fig. 6. Scheme of the electron-transfer reactions in the acceptor quinone complex of PS II. After the first flash, the Q B semiquinone is 
formed and electron does not leave the RC. Only after the second flash, when second electron arrives at Q B . die neutral plastoquinol 
(QH 2 ) can leave RC. The formed vacancy can be filled by oxidized plastoquinone (Q) from the plastoquinone pool in the membrane. 



2. Comparison of Acceptor Quinone Com- 
plexes of Photosystem II and of the Reaction 
Center from Purple Bacteria 

Many properties of the acceptor quinone complex 
of PS II are similar to those of RCs of purple bac- 
teria (reviewed in Shinkarev and Wraight, 1993a; 
Diner and Babcock, 1996; Ke, 2001 ). In both cases, 
acceptor complex functions as a two-electron gate, 
releasing electrons from the RC only after each sec- 
ond flash (Bouges-Bocquet, 1973; Hangulov et al., 
1974; Velthuys and Amesz, 1974; Venneglio, 1977; 
Wraight, 1977). 

The acceptor quinone complex of PS II consists of 
two plastoquinones with essentially different proper- 
ties. The primary acceptorquinone. Q A , functions un- 
der physiological conditions as one-electron carrier. 
The secondary acceptor quinone, Q„, functions as a 
two-electron carrier. The coupling of the two-electron 
Q„ with the one-electron Q A occurs via step-by-step 
flash-induced reduction Q„ by Q A : first to Q B and then 
to Q B H,. Semiquinone Q B should be stable enough to 
wait till the arrival of the second light activation of the 
RC, which enables transfer of the second electron to 
Q„ In contrast to the semiquinone form, the neutral 
forms of quinone (Q, QH,) are loosely bound to the 
Qn binding site. They can exchange rapidly (si ms) 
with quinones from the membrane pool. Such sta- 
bilization of the semiquinone form of Q B , as well as 
the exchange of the neutral forms of quinone with 
the membrane pool, are the most significant aspects 
of the two-electron gate on the acceptor side of RC. 
The exchange of quinone between the RC and the 
membrane allows one to explain the effects of her- 
bicides. which are known to compete for binding at 
the Q B site (Velthuys, 1981b; Wraight, 1981 ). 

The different mobility of semiquinone compared 



to neutral quinones indicates the electrostatic nature 
of the semiquinone stabilization at the binding site. 
The semiquinone, Q„. is stabilized at the binding site 
both kinetically (via increase of activation barrier) 
and thermodynamically (via free energy difference). 
The nature of the kinetic stabilization is not clear, 
but the energy penalty for the transfer of the charge 
to the hydrophobic core of the membrane could be 
responsible for that. Indeed, the structures of bacterial 
RCs indicate that exit/entry to the quinone binding 
site that is located near the middle of the membrane. 
Thus, a quinone can leave the RC only by moving 
its head via the center of the membrane. As a result, 
the semiquinone should overcome a significant po- 
tential barrier by moving charged head into nonpolar 
medium. Neutral quinone forms do not have this 
additional barrier. The energy for transferring an ion 
from a region of high dielectric constant to one of 
low dielectric constant can be estimated from Born 
equation (Bockris and Reddy, 1973). Assuming that 
the radius of semiquinone is 2.5 A, one can estimate 
that the Born energy needed for moving semiquinone 
from position where e = 25 (estimated value for the 
binding site, see. e.g. Shinkarev and Wraight, 1 993a) 
to e = 2 (center of the membrane) is about 30 kcal/ 
mol. These estimates show that Born effect could 
be the main factor responsible for the semiquinone 
stabilization at Q„ binding site. 

In analogy with bacterial RCs, one can assume 
that Q„ in PS 1 1 is not protonated under physiologi- 
cal conditions, but induces pK shifts in ionizable 
side chain groups of various amino acid residues 
near Q„. Proton binding by the protein involved in 
the stabilization of the semiquinone can provide ad- 
ditional driving force for the electron transfer in the 
reaction Q a Q b -* Q a Q b . 

In spite of general homology of the acceptor sides 
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Fig. 7. The binding site of the Q B in PS II (left panel) and in Rb. sphaeroides RCs (right panel). Shown are charged ammo acid residues 
located w ithin 7 A from quinone. The figure is based on the coordinates of Xiong et al., 1998 for PS II (courtesy of Govindjee) and of 
Stowell et al. (1997) for charge separated state in bacterial RC ( 1AIG) and was drawn using Rasmol program. 



of PS II and the RC of purple bacteria, current mo- 
lecular models indicate some significant differences 
in the Q n binding site for the PQ in PS II: 

• The number, type and positions of charged 
amino acid residues forming the quinone 
binding site (Fig.7) are significantly different 
in these two cases. This, undoubtedly, provides 
different electrostatic env ironment near Q B . 

• Structural studies (Zouni et al., 200 1 ; Kamiya 
and Shen, 2003) show that the acceptor side 
of PS II is not covered by additional proteins 
as is the case of the RCs from purple bacteria, 
where H-subunit extends over RC. It looks like 
proton delivery to Q B in PS II does not involve 
other proteins in addition to D1 and D2. 

• The nature of quinone of the acceptor complex 
is different: it is ubiquinone or menaquinone 
in purple bacteria and plastoquinone in PS II. 

• Non-heme Fe plays more active role in PS II 
and under certain circumstances is involved in 
electron and may be even in proton transport. 

These differences can significantly modify the 
mechanism of Q B function in PS II and, in particu- 



lar, semiquinone stabilization and proton delivery 
to Qg. 

The quinone binding sites in PS II can accom- 
modate ubiquinone, but with lower affinity. Indeed, 
many reports indicate that ubiquinone can replace the 
plastoquinone and partially restore the PS II activ- 
ity (Diner et al., 1988; Liu et al., 1991; Kurreck et 
al., 1995; Ozawa et al., 1997). Kurreck et al. (1995) 
found that the endogenous pool of quinones can be 
restored with plastoquinone-9, while ubiquinone-9 
was almost inefficient in this capacity. 

3. Electron Transfer in the Plastoquinone Ac- 
ceptor Complex 

The kinetic behavior of quinone acceptors in PS II 
was almost exclusively characterized by Chi a fluo- 
rescence decay measurements after single turnover 
light flashes ( Bowes and Crofts, 1 980; Robinson and 
Crofts, 1983; Eaton-Rye and Govindjee, 1988a,b). 
Published pH dependencies of electron transport 
between quinone acceptors in PS II (Robinson and 
Crofts, 1984; Eaton-Rye and Govindjee, 1988a) and 
those in bacterial RCs (Wraight, 1979; Kleinfeld et 
al., 1984; Maroti and Wraight, 1988; Shinkarev et 
al. 1993) are somehow different. The rates of these 
two reactions accelerate at low pH in bacterial RCs, 
while for the RC of PS II (as estimated from t Vi of 
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fluorescence relaxation) both reactions appear to 
slow down with pH lowering, or are pH-independent. 
Such pH dependence was partially explained by the 
presence of His252 (homologous to AspL2 1 3 in Rb. 
sphaeroides) in the vicinity of the Q B (Crofts et al., 
1987). It was suggested that His252 shifts its pK from 
about 6.2 to about 7.9 on arrival of an electron to Q B . 
The proton uptake by His252 can stabilize Q B . 

4. Proton Uptake 

When dark-adapted chloroplasts are activated by a 
series of flashes, binary oscillations in proton uptake 
are observed with glass electrodes (Fowler, 1977), 
or with pH dyes (Hope and Matthews, 1983). The 
kinetics of flash induced proton uptake measured 
with dyes (Hope and Matthews, 1983) were very 
slow (<100 ms) in agreement with previous measure- 
ments of proton uptake, measured under conditions 
when binary oscillations were absent (Auslander 
and Junge, 1974). The half time for the generation 
of proton acceptor (i.e., Q|“) was about 0.8 ms at pH 
7.8 (Hope and Matthews, 1983). The dependence of 
the rate constant for proton uptake on ionic strength 
was explained by suggesting that the rate-limiting 
step is the reaction of proton with a univalent anion 
in an aqueous medium. The following mechanism 
was proposed (Hope and Matthews, 1983): 

PQb‘ + 2 HA °' 8ms > PQ b H 2 + 2 A“ , (4) 

2A~(aq.) + 2H + (aq.) - 100im > 2HA(aq.) (5) 

It was suggested that HA is H 2 C0 3 (see Blubaugh 
and Govindjee, 1988, regarding a role for bicarbonate 
here). These results illustrate that mechanism of the 
proton uptake on the acceptor side of PS II can be 
significantly different from mechanisms of proton 
delivery to the acceptor quinones in bacterial RCs. 
Haumann and Junge (1994) argued that when thyla- 
koid membranes are stacked, the true rate of proton 
uptake is not detectable with hydrophilic pH-dyes. 
This is due to the multiple buffering effects along the 
narrow partition in the stacked membrane domains. 
These authors used surface adsorbed dye, neutral red, 
to measure the proton uptake at the acceptor side of 
PS II. They found that the extent of proton binding 
was independent of the flash number in contrast to 
the rates of proton uptake and electron transport. The 
absence of the amplitude modulation of proton uptake 
is possibly due to the relatively small salt concentra- 



tion, the phenomenon also observed for bacterial RCs 
(Shinkarev et al., 1 992). Haumann and Junge (1994) 
interpreted their results as follows (pH 7): 

Reaction time of electron time of proton 







transfer 


uptake 


Q A -(Fe“)Q B 


- Q A -(Fe")Q B 
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Q A -(Fe")Q B --> Q A (Fe“)Q B H 2 


620 


310 ps 



Thus, in this kinetically resolved study, the ob- 
served rates of proton uptake on the acceptor side of 
PS II were slower than the rate of electron transfer 
in the case of first electron transfer, and faster in the 
case of second electron transfer. 

Two main charged amino acid residues, L-Glu2 12 
and L-Asp213, in bacterial RC, which have been 
shown to be important in proton delivery to the Q B are 
absent in PS II. From alignment of protein sequences 
from bacteria and from plants, as well from a 3D 
molecular model ofthe PS II (Xiong et al., 1998, see 
also Fig. 7) the D 1 -His252 is analogous to L-Asp2 1 3 
of the bacterial RCs. Mutation of the Dl-His252 to 
Leu or Gly lowers the apparent equilibrium constant 
for the reaction Q“ + PQ ^ QaQb ^ QaQb (Diner 
et al., 1991). 

Berthomieu and Hienerwadel (2001) used light- 
induced infrared spectroscopy to study the non-heme 
iron environment in PS II. They suggested the exis- 
tence of a hydrogen bond network from the non-heme 
iron toward the Q B pocket involving bicarbonate and 
His D 1-2 15 (analogous to His L-190 in the RC from 
purple bacteria). 

5. Bicarbonate in Electron Transport and 
Proton Delivery on the Acceptor Side of Pho- 
tosystem II 

A significant number of publications are devoted to 
the study of the role of bicarbonate in PS II (reviewed 
in Blubaugh and Govindjee, 1988; Govindjee and van 
Rensen, 1993; Diner and Babcock, 1996; van Rensen 
et al., 1999). The main phenomenology includes the 
decrease in the activity of PS II along with bicarbon- 
ate depletion. The effect of bicarbonate is usually 
estimated from the release of inhibition introduced by 
previous treatment with formate. Such formate/bicar- 
bonate treatment was found to have significant effect 
on the electron transfer between quinone acceptors 
after second and subsequent flashes, indicating that 
bicarbonate may be involved in the proton delivery 
to secondary quinone to form Q B H 2 (Eaton Rye and 
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Govindjee, 1 988a,b; Van Rensen etal., 1988). 

It has been suggested that there are two binding 
sites for bicarbonate ions on the acceptor side of PS II. 
One binding site is provided by non-heme iron. The 
addition of formate to the thylakoids significantly 
increases the amplitude of the g = 1 .82 electron para- 
magnetic resonance (EPR) signal of Q A Fe 2+ (Vermaas 
and Rutherford, 1984). A formate/bicarbonate effect 
on iron was shown by measuring EPR signal with and 
without bicarbonate (Bowden et al., 1991). Direct 
confirmation of bicarbonate binding to non-heme 
iron was also provided by Mossbauer spectroscopy 
of 57 Fe (Semin et al., 1990) and by Fourier transform 
infrared difference spectroscopy using 13 C-labeled 
bicarbonate (Hienerwadel and Berthomieu, 1995). 
It was shown that bicarbonate is a bidentate ligand 
to the non-heme iron in PS II. 

Petrouleas et al. (1994) found that glycolate, gly- 
oxylate and oxalate compete with NO, formate and 
bicarbonate for binding to the iron. The binding of 
these anions to the iron is accompanied by significant 
(one-two orders of magnitude) slowdown of the rate 
of electron transfer between quinone acceptors and 
shifts the midpoint potential of the non-heme iron. 
Formate and oxalate raised, while glycolate, glyoxyl- 
ate, or lactate lowered the midpoint potential of the 
non-heme iron (Deligiannakis et al., 1994). 

Another binding site for bicarbonate on the accep- 
tor side of PS II is less certain and it is suggested to 
be formed by several positively charged amino acid 




residues on both D 1 and D2 proteins (reviewed in Van 
Rensen et al., 1 999). Using analogy with water chan- 
nels in bacterial RCs, Xiong et al. (1998) suggested 
that water molecules might substitute for bicarbonate 
under some circumstances. 



IV. The Kok Model for the Flash-induced 
Oxygen Evolution 

A. The Formulation of the Model 

The activation of dark-adapted PS II by a series of 
single turnover actinic flashes leads to oxygen evo- 
lution with a periodicity of four (Joliot et al., 1969; 
Kok et al., 1970; Joliot et al., 1971). Fig. 8 shows 
such flash-induced oscillations of oxygen evolution. 
Almost no oxygen evolution is observed after first 
and second flashes. The largest oxygen evolution is 
observed after the third flash. This periodicity was 
explained by introducing the concept of the S-states 
(S n , where n = 0, 1,2, 3, 4) of the oxygen-evolving 
complex, where each S-state has a different number 
of oxidizing equivalents (Kok et al., 1970). Only 
transition S 4 -*S 0 is accompanied by oxygen evolu- 
tion. The kinetic model of oxygen evolution and its 
mathematical representation are shown in Fig. 9. 

In order to quantitatively describe the damping of 
the period four oscillations of oxygen evolution, the 
Kok model includes so called misses, which describe 




Fig. 8. Flash-induced oxygen evolution in spinach chloroplasts measured with a bare Pt electrode. Data points are from Joliot et al. 
(1971) and from Forbush ct al. (1971). 
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Fig. 9. The Kok model (Koket al., 1970) explaining period four in flash- induced oxygen evolution (A) and the respective kinetic scheme 
of flash-induced transitions (B). which incorporates misses (a) and double hits (p). 



failure to advance the S-states after the flash, and 
the so called double hits, which describe two times 
advances of S-states ( Fig. 9B ). Double hits are almost 
exclusively due to actual double turnovers during a 
long flash and can be reduced significantly by the use 
of laser activation (Weiss and Sauer. 1970; Joliot et 
al„ 1971; Joliot and Kok, 1975). Kok et al. (1970) 
did not initially exclude the possibility that misses 
are different for each transition. However, they found 
that equal misses provide a satisfactory fitting of 
experimental points. Consequently, equal misses 
are assumed for all turnovers. Nevertheless, non- 
equivalent misses have been considered frequently 
(Lavorel, 1976; Delrieu, 1983). 

Misses can have two related origins. First, some 
RCs are inactive at the time of the saturating flash, 
due to the presence of either oxidized primary donor, 
P680 + , or reduced primary quinone. Q A , as deter- 
mined by the electron transfer (quasi )equilibria on 
the donor and acceptor sides of the RC (Shinkarev 
and Wraight, 1993b). Second, misses may arise 
from the rapid P Q A charge recombination, which 
can partially compete with the forward electron 
transfer reactions (Joliot and Kok. 1975; Shinkarev 
and Wraight, 1993c). Calculation of misses using 
known or estimated values of the rate and equilibrium 
constants shows that misses are different for each 
flash-induced transition and can differ by more than 
one order of magnitude. Furthermore, ‘equilibrium’ 
and ‘kinetic’ misses vary in distinct ways with some 
physical conditions, such as pH (Shinkarev and 
Wraight, 1993c). 

Oxygen-evolving PS II complexes have a signifi- 



cant fraction (-15% at pH 7) of P680 reduced in 
the microsecond time range (with lifetimes of about 
5, 35 and 200 ps). The total amplitude of these mi- 
crosecond components increases significantly at low 
pH(Schlodderand Meyer, 1987). Only the amplitude 
of a component with lifetime of 35 ps is modulated 
with period of four (Schlodder et al., 1 985; Schilstra 
et al.. 1998). 

The period four oscillations in PS II activity are 
purely kinetic phenomena arising form synchronous 
light activation of different RCs. Kok et al. (1970) 
used such oscillations in the oxygen yields for finding 
the information about oxygen evolution in term of 
misses, double hits and initial conditions. In an altern- 
ative approach. Shinkarev and Wraight (1993b,c) 
used known PS 11 kinetic and thermodynamic data 
to reconstruct the period four oscillations in oxy- 
gen evolution. Such approach allowed mechanistic 
interpretation of misses. It also allowed to estimate 
conditions under which the Kok model of oxygen 
evolution is valid. 

B. Exact Analytical Solution for the Kok Model 

1. General Solution for Arbitrary Initial 
Conditions 

The Kok model (Fig. 9) has been successfully used 
over 30 years for interpretation of experimental 
data in photosynthesis. However, till now there has 
been no simple analytical solution for it. Recently 
Shinkarev (2003) found such a solution for any initial 
conditions. The probabilities of individual S-states 
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after n-th flash. p,(n), are described by the following 
equations (Shinkarev. 2003): 

4p„(n) = 1 + (2a + 2(J-l)”s b 4- 2r”(s |) ,cos(n<f ) + s 31 sin(n<p)) 
4p,(n) l-(2a + 2p-l)”s b + 2r”(s l3 cos(nip) + s u ,sin(n<p)) 

4p,(n)= 1 + (2a + 2(i-l)"s b + 2r”(s J0 ws(rnp) + s |3 sin(nip)) 
4p,(n) = H2a + 2p-l)"s b + 2r“(s,,cos(ruf) + s ;u sm(mf)), (6) 

where a and p a re miss and double hit fractions, 
respectively, r = i/<a - ft) 2 + (l - a - ftp , 9 = arcsin((l 
-a - p )/r), n = number of the flashes, S;= p,(0) are 
initial conditions for S ; ; s b = s 0 - s, + s 2 - s 3 ; s 02 = s 0 

s,, S31 s, S|» S13 S| s 3 , etc. 

Equation (6) provides general solution of the Kok 
model and describes the flash number dependence 
of individual S-states as function of miss, double 
hit and initial conditions for the S-states. It can be 
checked directly that for each flash p 0 (n)+ p,(n)+ 
p 2 (n)+ p,(n)=l. 

Because the sum of a cosine and a sine functions 
must be another sine function (properly displaced in 
phase), the general solution is the sum of the term, 1 ± 
(2a + 2 p - 1 )"s b , describing binary oscillations and 
quaternary oscillation terms (damped sine function), 
the relative amplitude of which depends on initial 



conditions (see Fig. 10). 

While some quaternary terms have negative val- 
ues, nevertheless after adding together they produce 
probability of individual state which is always posi- 
tive or zero. 

Equations for individual S-states can be simplified 
for particular cases of parameters or initial condi- 
tions. For initial conditions s 0 = 0, s, = 1 , s,= 0, s,= 0 
frequently created experimentally (reviewed in Ke, 
2001), above equations take a simpler form. For 
example, for probability of S, state we have: 

p,(n) = [1 + (2a + 2p -1 )" - 2r n cos(n<f )]/4 (7) 

When double hit is zero, p=0, this equation could be 
simplified even further: 

p,(n) = [l +(2a- l) n -2r"cos(n<p)]/4 (8) 

where r = yja 2 +(1 -a‘), 9 = arcsin(( 1 - a)/r). 

Oxygen evolution after n-th flash is determined 
by the fraction of PS II in S, and S, states before 
the flash: 

Y(n) = (hit+double hit) p,(n-l ) +( double hit) 




Fig. 10. Binary (top) and quaternary (middle) terms constituting the solution for the S 3 state (bottom). All terms have been calculated 
from Eq. 6 using the following parameters: a 0.05. p = 0.0 1. Initial conditions: s 0 = 0: s, = 1; s 2 0; s, = 0. 
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Fig, 11. Oxygen evolution calculated from Eq. (9) for different miss (panel A) and double hit (panel B) parameters. In panel A. the 
value of miss (a) is increasing from 0.025 (top curve) to 0.275 (bottom curve) with 0.05 steps. Double hit (fi) is 0.02. In the panel B 
the value of p is increasing from 0.025 for top curve to 0.275 for bottom curve with 0.05 steps, a 0.02. The distribution of the states 
at the beginning of the Hash series was assumed to be s u - 0.25 and s, = 0.75 for both panels. Traces are shifted vertically to improve 
their visibility. 



p 2 (n-l )=( 1-a) p 3 (n-l )+ p p 2 (n— 1 ) (9) 

where p 2 (n— 1 ), p*(n-l ) are given by Eq. (6). 

Figure 1 1 shows flash-induced oxygen evolution 
calculated from Eq. 9 for different values of miss (A) 
and double hit (B). Increase of miss (at zero double 
hit) leads to significant reduction of the ‘sharpness’ 
of oscillation pattern. It also increases the apparent 
period of oscillations. The increase of double hit (at 
zero miss) leads to disappearance of oscillations and 
to increase of the amplitude of oxygen yield after the 
second flash. Other than that, the effects of miss and 
double hit on pattern of oscillations are similar. 

2. Period of Oscillations 



3. Binary Oscillations in the Kok Model 

In case when slowly re-reduced components of PS II, 
such as Y d , Cyt 6559, ChlZ and Car, can be excluded 
from consideration, the correlation of the charge 
accumulating systems on the donor and acceptor 
sides of PS II necessarily leads to the existence of 
two parallel cycles of O, evolution (Shinkarev and 
Wraight 1993b). 

Figure 12 shows that each scheme describes the 
accumulation of charges at the donor and acceptor 
sides. Depending on initial conditions for Q B there 
are possible two different cycles, so called V- and 
W-cycles (Shinkarev and Wraight, 1993b). Each 
single turnover of the oxygen-evolving complex in 



The general solution contains damped oscillations 
with period 

T = 2u/*=27r/arcsin[(l a ft)/>/(« ft) 2 + (1 -a ] ( 1 0) 

When the miss and the double hit fractions are equal, 
cp = Till and the period of oscillations is exactly four: 
T =2jt/(ji/2)=4. 1 nail other cases, the period is larger 
than 4. In the particular case of zero double hits, the 
period is equal to about 4, 4. 1 4, and 4.30 for misses 
0, 0.05, and 0.1, respectively. 
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Fig. 12. Schemes of flash-induced transitions in the PSII, indicat- 
ing coexistence of S-state transitions at the donor side and Q B tran- 
sitions at the acceptor side (Shinkarev and Wraight, 1993b). 
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each cycle is accompanied by two turnovers of the 
acceptor quinone complex. These schemes indicate 
that the equation for the behavior of the acceptor side 
of PSII can be obtained by summing the solutions 
for respective S-states. Let us consider V-cycle only, 
for certainty. By adding p 0 and p 2 from Eq. 6 one 
can obtain the equation for the fraction of the Q B 
semiquinone after the n-th flash, q B ~(n), 

q B ( n ) = Po( n ) + P 2 ( n ) =0-5-[l + (2a + 2P - l)"s„] (11) 

where, as before, s { = Pj(0), s b = s 0 - s,+s 2 - s 3 a and 
P are miss and double hit, respectively. 

When the miss and double hit fractions are close 
to 0, the term (2a H- 2(3 — l) n is positive for even n, 
and negative for each odd n. This alternating addi- 
tion and subtraction of (2a + 2p -l) n in Eq. (11) is 
modulated by value of initial conditions, s b =s 0 - s, 
+ s 2 - s 3 ; provides basis for observed binary oscilla- 
tions. When PSII is in the state S,Q B before the first 
flash, (i.e. s b = -s,= -l), oscillations of semiquinone 
are described by equation: 

q B ( n ) = 0.5 [1 — (2a + 2(3 - l) n ] (12) 

Figure 1 3 shows binary oscillations of Q B described 
by Eq. ( 1 1 ) as well as probabilities for S 0 and S 2 . This 
figure illustrates how adding two period four oscil- 




Flash number 



Fig. 13. Flash number dependence of the semiquinone Q B , calcu- 
lated using Eq. 11. Fractions of S () and S 2 states were calculated 
using Eq. 6. a = 0.05, p = 0.0 1 . It is assumed that at the beginning 
of the flash series, 80% of PSII are in the S, state and 20% are in 
the S 0 state. Traces are shifted up to improve their visibility. 

lations for S 0 and S 2 leads to period two oscillations 
for Q b . One can see how the maxima of S 0 and S 2 are 
forming maxima for binary oscillations. 

Similarly by adding p, and p^ one can obtain the 
equation for binary oscillations of the oxidized form 
of Q b in V-cycle or the semiquinone Q B in W-cycle. 

Figure 14 shows Q B binary oscillations for different 




Flash number Flash number 

Fig. 14. Dependence of binary oscillations of semiquinone on initial conditions and miss factor. (A) Effect of initial conditions on the 
flash number dependence of the relative concentrations of Q„. Traces are calculated from Eq. ( 1 1 ). Initial conditions for S () is changing 
from 1 at the top to 0 at the bottom. It is assumed that s, = l - s 0 . Traces are shifted vertically to improve their visibility, a = 0.025, p 
= 0. (B) Effect of miss on the flash number dependence of Q n , calculated for V-cycle (Fig. 12) using Eq. (11). Miss is increasing from 
0.025 (top curve) to 0.275 (bottom curve) with 0.05 steps. Initial conditions s 0 = 0, s, = 1 . Double hit is zero. 
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initial conditions (panel A) and for different values 
of misses (panel B). Depending on initial conditions 
oscillations can change their direction. There are no 
oscillations when s t = s 2 = 0.5. 

4. Finding Parameters Governing Oxygen 
Evolution and Semiquinone Oscillations 

Equation 6 provides basis for quantitative description 
of charge accumulation processes at the donor and 
acceptor sides of Photosystem II. It also significantly 
simplifies finding of unknown parameters of the 
model by standard non-linear regression analysis 
implemented in software package Microcal Origin 
and others. One can use Eq. 9 to estimate misses, 
double hits, s 0 , Sj, and s 2 by non-linear regression 
analysis. 

Fitting experimental points of Fig. 8 A with Eq. (9) 
gave the following parameters: a = 0 . 12 , |> = 0 . 02 , s 0 
= 0.32, S! = 0.68, s 2 = 0. Fitting experimental points in 
Fig. 8 B (shown by solid lines) gave the following pa- 
rameters: a=0.08, |>=0.03,s o =0.24, s,=0.69, s 2 =0.02. 
Thus the experiment shown in panel A of Fig. 8 has 
less double hits and larger misses than experiment 
shown in panel B. 

Equation ( 6 ) also provides basis for quantitative 
description of charge accumulation processes at the 
acceptor side of PS II. In fitting experimental curves 
by Eq. (11) one should be aware that binary oscil- 
lations depend on only the sum of miss and double 
hit, not on each of them separately, because in case 
of two states of quinone acceptors considered here 
(Q b , Q b “) double hit is the same as the miss. 



V. Binary Oscillations of the Plastosemi- 
quinone on the Acceptor Side of Photosys- 
tem II 

A. Binary Oscillations Could Originate from 
Both Acceptor and Donor Sides 

In the case of the PS II RCs, Chi a fluorescence mea- 
surements provide a unique insight into the kinetics 
of electron transfer and stabilization of charge in the 
RC. However, the traditional approach based on the 
use of the binary oscillations for identification of the 
processes originating from the acceptor side is not 
always correct and can lead to confusion, because 
under very widely varying conditions, the Kok model 
of the oxygen evolution can also generate binary 



oscillations (Shinkarev, 1996; 2003). This property 
of the Kok model complicates the separation of reac- 
tions on the donor and the acceptor sides of PS II, by 
considering signal oscillations only. Together with the 
known binary oscillation pattern of H 2 0 2 production 
at donor side of PS II (see, for example, Ananyev et 
al., 1992; Klimov et ah, 1993 ) these results indicate 
that binary oscillations are not a certain indicator of 
a signal originating on the acceptor side of PS II. 

B. Model with Different Misses for Each Tran- 
sition 

The model of binary oscillations of Q B semiquinone, 
based on the Kok model (Eq. 1 1 ), assumes equal miss 
factors for each transition. Different kinetic models 
have been developed to describe flash-induced binary 
oscillations in the acceptor quinone complex with 
different misses (Shinkarev, 1990, 1998; Shinkarev 
and Wraight, 1 993a). In the simplest case, when there 
is no dark oxidation of semiquinone in the interval 
between two consecutive flashes, and only two states 
of the Q b site are considered, the fraction of the Q B 
semiquinone after the n-th flash, q B (n), is given by 

q B ( n ) — 7 [1 — (1 — P — CT ) n ] (13) 

p+cr 

where p and a are ‘hit’ probabilities. If the Q B is 
oxidized before the flash, the Q B semiquinone will 
be formed with probability p. Similarly, if the Q B is 
in the semiquinone state before the flash, it will be 
converted to the oxidized form with probability a. 
For saturated actinic flash and for pH=7, p~l and 
art). 9. This model assumes that large misses for the 
transition Q B -* Q B are due to the fraction of PS II 
with Q ~ as a result of the partitioning of the electron 
between Q A and Q B . 

C. Binary Oscillations in the Kinetics of 
Q; Oxidation 

The two different states of Q B ( Q B and Q B ) create two 
different backgrounds for any reaction occurring in 
the acceptor quinone complex of PS II. In particular, 
the kinetics of Q A oxidation will depend on whether 
Q b or Q^ is at the Q B binding site before the flash: 

QaQbH^q a Qb < 14 ) 

Q a Qb Q a Qb H 2 (15) 

m BA 
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Here k AB , k BA , m AB , and m BA are respective rate 
constants. 

Let q B (n - 1 ) and q B (n - 1 ) be the fractions of PS II 
RCs with Q b and Q B , respectively, immediately before 
the n-th flash. We assume that 

q B (n-l) + q B (n-l) = l (16) 

Let q A1 (t) and q A2 (t) be the fraction of Q A at time t 
after the flash in RCs having Q B or Q B before the 
flash, respectively. We expect that kinetics of Q A do 
not depend on flash number as soon as the state of 
Q b is known. 

With these notations, the fraction of Q A semiqui- 
none at time ‘t’ after n-th flash, q A (n,t), could be 
written as follows: 

q A (n,t) = q A1 (t) • q B (n - 1) + q A2 (t) • q B (n - 1)(17) 

The reduction kinetics of primary quinone acceptor 
depend on the flash number through the terms q B (n 
- 1 ) and q B (n - 1), which determine the fraction of 
PS II having Q B and Q B , respectively. Terms q A1 (t) 
and q A2 (t) characterize the kinetics of Q A in PS II 
with Q b and Q B , respectively. 

From Eqs.(16) and (1 7) it follows that: 

q A (n,t) = q A1 (t) + [q A2 (t) - q A1 (t)]q B (n - 1) (18) 



where M AB = m AB / m BA is the equilibrium constant of 
electron transfer described by Eq. (15). In the general 
case (which is not considered here), one also needs 
to take into account quinone exchange reactions 
(Shinkarev, 1998). 

Thus, Eq. (18) for the fraction of Q A at time t after 
n-th flash can be written (taking into account Eqs. 
13,19 and 20) as follows: 



q((n,t): 



1 + L^e lk “ +k BA)* 

1+ Lin 



+ - 



CT + p 



1 _ (1 _ O- _ p) n 



1+ M A B e 



'(kAB+k BA )t 



1 + M a 



l + L^e^ 

1 + L A 



(21) 



When there are no misses (p = 1, a = 1), the kinet- 
ics of the Q a reduction, induced by the odd and even 
flashes in fully adapted samples, are just the kinetics 
of electron transfer in acceptor quinone complex with 
one and two electrons, respectively. 

The advantages of this general approach are the 
handling of a more complicated situation of nonzero 
misses (usually about 0.1), and the consideration of 
multiple flashes (not just the first two flashes). 



Thus, the flash-induced binary modulation of 
Q a kinetics (and consequently of Chi a fluorescence) 
is determined by the product q B (n - 1) and by the 
difference of the kinetics of electron transfer in reac- 
tions described by Eqs (14) and (15). 

If, before the actinic flash, Q B was oxidized then 
the kinetics of Q A could be approximated by a solu- 
tion of the differential equations corresponding to 
the reaction, described by Eq. (14): 



AaiW 



i + L^ 6 






i+l a 



(19) 



VI. Chlorophyll a Fluorescence 

Here we consider Chi a fluorescence data obtained by 
the ‘pump-and-probe’ technique. For more detailed 
information concerning other questions of the fluo- 
rescence research, the reader is referred to reviews on 
this subject (Dau, 1994; Govindjee, 1995; Lavergne 
and Trissl, 1995; Renger et al., 1995; Kramer and 
Crofts, 1996; Campbell et al., 1998; Kolber et al., 
1998; Lazar, 1999; Maxwell and Johnson, 2000), as 
well as to several chapters in this volume. 

A. ‘Pump-and-Probe’ Technique 



Here L AB = k AB /k BA is the respective equilibrium 
constant. 

If before the flash, Q B was in the semiquinone 
form then 



q A 2(t) 



l + M AB e“ (m “ +mBA)t 

1 + M,, 



( 20 ) 



The ‘pump-and-probe’ technique consists of mea- 
surements of the Chi a fluorescence yield induced 
by short measuring probe pulses given at different 
times after single turnover actinic flashes (pump). 
This powerful method allows analyzing time and 
amplitude modulation of the Chi a fluorescence 
(reviewed in Kramer and Crofts, 1996; Kolber et 
al., 1998; Chapters 19, Bruce and Vasil’ev; and 30, 
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Falkowski et al.). Recently, new experimental setups 
have been developed, which allow analyzing flash- 
induced changes of fluorescence yield over nine time 
decades (Trtilek et al., 1997; Steffen et al., 2001 ). 

B. Flash Number Dependent Modulation of 
Chlorophyll a Fluorescence Yield 

Although flash-induced Chi a fluorescence of green 
plants in the ps to ms time domain is mainly deter- 
mined by the Q A oxidation (Duysens and Sweers, 
1963; Vredenberg and Duysens. 1963; Duysens, 
1979; Bowes and Crofts. 1980; Crofts et al.. 1993), 
the influence of the reactions in the oxygen evolving 
complex has been frequently noticed ( Delosme, 1971; 
Joliot and Joliot. 1971; Zankel. 1973; Eaton-Rye 
andGovindjee 1988a. Delrieuand Rosengard. 1987; 
1993; Kramer et al.. 1990; Shinkarev and Govindjee, 
1993; Shinkarevetal.. 1997; Delrieu. 1998; Christen 
et al., 1989; 1999; Putrenko et al.. 1999; Steffen et 
al.. 2001 ). Depending on the experimental conditions, 
one observes a periodicity of four in the fast (ps) 
(Delosme. 1971; Zankel, 1973) and in the slow (ms 
and s) components of Chi a fluorescence (Joliot and 




Joliot, 1971; Zankel. 1973; Delrieu. 1974; Delrieuand 
Rosengard. 1987; Eaton-Rye and Govindjee. 1988a,b; 
Kramer etal.. 1990; Delrieu, 1998). Furthermore, the 
kinetics of the Chi a fluorescence induction and the 
initial fluorescence level are affected by the number of 
preilluminating flashes, showing period 4oscillations 
related to the S-state transitions of oxygen evolving 
complex (Duysens, 1979; Schreiber and Neubauer. 
1987; Hsu, 1993; Srivastava et al., 1999). 

The kinetics of Q A oxidation depends on the state 
of the secondary acceptor quinone, Q B ( Bowes and 
Crofts, 1980). It is faster for each odd flash, and 
slower for each even flash. As a result, one can observe 
flash-induced binary oscillations in the Chi a fluores- 
cence yield (Bowes and Crofts, 1980; Robinson and 
Crofts. 1983; Eaton-Rye and Govindjee, 1988a.b; 
Crofts et al., 1993). In general, the periodicity of 
two arising front binary oscillation of the state of 
the secondary acceptor quinone Q B , observed in the 
submillisecond-millisecond region is superimposed 
on the periodicity of 4 due to the functioning of the 
oxygen evolving complex. 

Figure 15 shows the kinetics of the Chi u fluores- 
cence yield (<p f = (F - F 0 )/F 0 ) in spinach thylakoids 




Fig. 15. Time and flash-number dependence of the Chi a variable fluorescence yield ( (F F 0 )/F 0 ) in spinach thylakoids measured at 
pH 6 (A) and pH 7 (B). Dark time between flashes 1 s. Suspension medium: 20 tnM Hepes-NaOH (pH 7) or Mes-NaOH (pH 6). 0.4 M 
sorbitol. 50 mM NaCl, 2 mM MgCl,. 1 nM gramicidin. Flash-induced Chi a fluorescence kinetics were measured at time points between 
70 us and 300 ms following each actinic flash. The flash-induced Chi a fluorescence yield changes constitute a two-dimensional matrix F 
ofmxn size, where m and n are the number of actinic flashes (here 10) and times (here 25) for which fluorescence lias been measured. 
The high-frequency noise was removed by lilting data points with the sum of 4 exponential terms and constant. Data from Shinkarev et 
al. ( 1997) are presented here using Matlab software (The MathWorks. Inc.). 
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Fig. 16. Oscillations of the yield of variable Chi a fluorescence ( = (F F 0 )/F 0 ) in spinach thylakoids after each of a series of ten saturat- 
ing Hashes, measured at different times after the flash (indicated by numbers, in microseconds) at pH 6 (A, B) and pi I 7 (C, D) in the 
absence (A, C) and presence (B. D) of 40 pM benzoquinone. Dark time between flashes 1 s. Suspension medium: 20 mM Hepes (pH 7) 
or Mes (pH 6), 0.4 M sorbitol, 50 mM NaCl, 2 mM MgCl,, 1 nm gramicidin. Data in panels A and C are the same as in Fig. 15. 



induced by ten consecutive actinic flashes at pH 6 
(A) and pH 7 (B). The fluorescence yields measured 
at 70 f.is after the flashes, are modulated with period 
of four, with minima after the 3rd and 7th flashes at 
both the pHs. These period 4 oscillations are replaced 
by distorted binary oscillations at 0.2-0.6 ms after 
the flashes. At longer times, the binary oscillations 
are again replaced by the period four oscillations, but 
with minima after the 4-th and 8-th flashes. 

Figure 1 6 shows the flash number dependence of 
the yield of variable Chi a fluorescence in spinach 
thylakoids after each of a series of ten saturating 
flashes, measured at different times after the flash in 
the presence and absence of benzoquinone. In the ab- 
sence of benzoquinone, there are no significant binary 
oscillations of fluorescence yields at both pH 6 and 



7 (some binary oscillations can be seen at pH 6 by a 
trained eye). Addition of benzoquinone increases the 
difference in the kinetics of Chi a fluorescence yields 
induced by the first and the second actinic flashes 
(Fig. 17), especially at pH 7. However, it does not 
modify significantly period four oscillations of Chi a 
fluorescence yields (Fig. 16). As a result, benzoqui- 
none improves the visibility of binary oscillations 
of Chi a fluorescence yields for components with 
lifetime of 0.2 - 0.6 ms (Fig. 16, panels B and D), in 
agreement with previous observations by Crofts and 
coworkers (Bowes and Crofts, 1980; Robinson and 
Crofts, 1983; Crofts etal., 1993). Thus, the oxidation 
of Q {} semiquinone by exogenous electron acceptor 
during dark adaptation is needed in order to observe 
binary oscillation in the Chi a fluorescence yields. The 
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Time, microseconds Time, microseconds 



Fig . 17. Time dependence of the Chi a variable fluorescence yields (=(F - F 0 )/F 0 ) induced by the first three flashes (shown by numbers 
1, 2, and 3) in spinach thylakoids measured at pH 6 (A, B) and pH 7 (C, D) in the absence (A, C) and presence (B, D) of 40 pM benzo- 
quinone. Dark time between flashes 1 s. Data are from Fig. 16. 

absence of such an acceptor could explain why some the presence of the P680 + , which is known to be an 

authors were unable to observe binary oscillations of effective quencher of Chi a fluorescence (Butler, 

Chi a fluorescence (Putrenko et al., 1999). 1972; Mauzerall, 1972; Shinkarev and Govindjee, 

One can also see that addition of benzoquinone 1993, Christen and Renger, 1999). Such decrease is 

leads to the decrease in Chi a fluorescence yields more pronounced at pH 6, than at pH 7. This effect 

at both pH 6 and pH 7. This decrease reflects well- can be explained by the smaller value of the apparent 

documented quenching of the Chi a fluorescence by equilibrium constant between Y z and P680 at pH 6, 

exogenous quinones ( Amesz and Fork, 1 967). leading to the relative increase of the concentration of 

Benzoquinone also decreases the relative amplitude P680 + . This interpretation is supported by the increase 

of Chi a fluorescence yield after the first flash at 70 ps of the fraction of the microsecond components of the 

at pH 7 (compare panels Band Din Fig. 16), possibly P680' at low pH (Schlodder and Meyer, 1987). 
reflecting the oxidation of non-heme Fein some RCs The above results confirm that observed flash 

of PS II during dark adaptation with benzoquinone. number dependence of the variable Chi a fluorescence 

In this case first light activation of thylakoids leads yield originates from different processes occurring 

to fast (t I/2 = 7-20 ps, Diner and Petrouleas, 1987) at the donor and acceptor sides of the PS II. This 

electron transfer from Q A to Fe 3+ . makes the pulse and probe technique for the measure- 

The observed decrease in the amplitude of the ment of Chi a fluorescence yields a convenient tool 

Chi a fluorescence yields after the third and the for analysis of the kinetics and thermodynamics of 

seventh flashes at times < 0.2 ms is possibly due to electron transport in the RCs of PS II. 
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C. Dohnt-Renger, Joliot-Joliot and Stern-Vol- 
mer Equations for Multiple Quenchers 

The influence of energy exchange between the 
PS II units on the relationship between the fluores- 
cence yield and the fraction of reduced Q A was first 
recognized by A. Joliot and P. Joliot (1964). They 
have derived the equation for normalized variable 
fluorescence, (F - F 0 )/(F m - F 0 ), where F 0 and F m 
are fluorescence with all centers open and closed, 
respectively. The normalized variable fluorescence, 
depends both on the fraction of closed RC s and on the 
parameter p, related to the probability of intersystem 
energy transfer. The form of the derived equation is 
identical to that of Stem-Volmer (Stem and Volmer, 
1919; see Lavergne and Lavorel, 1972). It is worth 
mentioning that Stem-Volmer equation was used 
by Vredenberg and Duysens (1963) for the analysis 
of bacterial photosynthesis. As first noticed by Pal- 
lotin (1976), the Joliot-Joliot relationship between 
normalized variable Chi fluorescence and the frac- 
tion of reduced Q A holds even in case of significant 
differences in the physical nature of used model. In 
most models, the fluorescence yield in PS II hyper- 
bolically depends on the normalized concentration 
of the quencher, x: 



a + b • x 
1 + d • x 



( 22 ) 



(1995). Parameter d relates to Joliot ’s connectivity 
parameter p, as d = p/(l - p), where ‘p’ is usually 
close to 0.5. For the particular case (p = 0.5, d = 1) 
above equations can be written as follows: 



F-F 0 


1-x 


(25) 


F m -Fo 


1 +x 


F -F 

m 


2 -x 


(26) 


F„ - F„ 


1+x 



These equations have been frequently used for the 
analysis of fluorescence. 

In case of two different types of PS II, in which 
only a-centers are connected via transfer of excita- 
tion energy, Dohnt and Renger (1984) suggested to 
use the following equation: 



F — F 1 — x 

=( 1 - a 1 )7TTT: +a 1 ( 1 - x ) 



F -F„ 



1 +d x 



(27) 



It was found that values d~l, and a,~0.3 provide 
reasonable description of Chi fluorescence quenching 
in thylakoids (Dohnt and Renger, 1 984; Renger et al., 
1995). In this case normalized variable fluorescence 
is described by the following equation which is not 
hyperbolic: 



where a, b and d are parameters whose meaning 
depends on the particular model. The Stern- Volmer 
model corresponds to b = 0, and the Joliot-Joliot 
model to b * 0. Assuming that fluorescence is equal 
to F m for zero concentration of quencher (x = 0), and 
is equal to F 0 for maximal concentration of quencher 
(x = 1), one can obtain the expressions for the nor- 
malized variable fluorescence, F ~ F ° , and for the 

F — F„ 

m 0 

normalized photochemical quenching, F m ~ F .in the 

F — F n 

m 0 

form depending only on a single parameter, d: 



F-F 0 


1-x 


(23) 


F m -F 0 


1 + dx 


F -F 

m 


_ (1 + d) • x 


(24) 


F - F 

m 0 


1 +dx 



F-F„ 



F -F„ 



(1-x) 



a, • x + 1 
x i- 1 



(28) 



In the particular case of a Take’ model (also called 
matrix or multicentral model), Eq. (22) takes the form 
of the Stem-Volmer equation (b = 0): 



F = 



a 

1 +dx 



(29) 



This equation, in turn, corresponds to the fluorescence 
yield during the decay of the excited state of a single 
pigment molecule: 



4> f = 



k r 

k f + k s + k q [q] 



(30) 



The meaning of the parameter ‘d’ depends on the 
model. Its dependence on differentrate constants can 
be found in Dau (1994) and in Lavergne and Trissl 



Here, k f is the rate constant of fluorescence; kq 
is the rate constant of quenching of fluorescence 
by quencher, q, and k 2 is the sum of all other rate 
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constants for deexcitation of the excited state, [q], 
concentration of the quencher. 

The significant attraction of the Stem- Volmer equa- 
tion is that the reciprocal fluorescence yield is linearly 
connected to the concentration of the quencher: 

1 k f + k s + k q [q] (31) 

4> f k f 

The validity of a linear relationship between the 
reciprocal of the fluorescence and quencher con- 
centration is somewhat controversial in application 
to PS II. Parallel measurements of flash-induced 
changes of fluorescence and UV absorbance of the 
primary semiquinone showed linearity between 1- 
Q A and reciprocal fluorescence (Duysens, 1979), but 
a hyperbolic dependence is also frequently seen (see, 
e.g. LavergneandLeci, 1993). The deviation from the 
linear dependence of 1% on the fraction of quencher 
described by Eq. (22) for b * 0 is controlled by antenna 
connectivity (Lavergne and Trissl, 1995). 

While most experimental data are consistent with 
a model intermediate between the pure Take’ model 
and the isolated units model, we nevertheless, will 
use as starting point the generalized Stem- Volmer 
equation, which assumes that the reciprocal fluores- 
cence is directly proportional to the concentration of 
all different quenchers in the system (Shinkarev and 
Govindjee, 1993; Shinkarev et al., 1997): 

1% = a + b[X] + c[Y] + . . . (32) 

Here [X], [Y], etc are concentrations of different 
quenchers of Chi a fluorescence, such as open RCs 
(in state PQa, where P stands for P680) (Duysens, 
1979), oxidized P680 + (Mauzerall, 1972; Butler, 
1972; Sonneveld et al., 1979), triplet state of carot- 
enoid (Duysens et al., 1972; Sonneveld et al., 1980), 
intrathylakoid proton concentration (Wraight and 
Crofts, 1 970), oxidized plastoquinone pool (Vemotte 
et al., 1979; Kurreck et al., 2000), etc.; a, b, c, . . ., are 
constants. Since most measurements , with pump-and- 
probe method are on the time scale of 70 us - 100 
ms, we can ignore the triplet state of carotenoid (x < 
10 ps, Sonneveld et al. 1980; Christen et al., 1998) 
as a quencher of Chi a fluorescence. 

The Stem- Volmer equation for multiple quenchers 
gives us opportunity to consider all quenchers simi- 
larly. We should stress, however, that this approach 
assumes independence of quenchers that can be a bad 



approximation in some cases. Interaction between 
different quenchers can significantly complicate the 
quantitative consideration of time dependence of Chi 
a fluorescence (Shinkarev and Govindjee, 1993). 

Taking into account that the oxidized primary do- 
nor P680 + (see, e.g., Sonneveld et al. 1 979) and open 
RCs, with P680 reduced and Q A oxidized (Duysens, 
1 979), are the main quenchers of Chi a fluorescence, 
the Chi a fluorescence yield is: 

4>f = k f + k s + k p [PQ A ]+k q [P + ] (33) 

Here, [PQJ represents open RCs, [P + ] represents 
P680 + , kf is the rate constant of fluorescence; k p 
is the rate constant of photochemical trapping in 
PS II, k q is the rate constant of quenching of Chi a 
fluorescence by P680 + and k 2 is the sum of all other 
rate constants for deexcitation of the excited state of 
Chi a. The square brackets indicate relative (per RC) 
concentrations. According to Eq. (33), the sensitiv- 
ity of the fluorescence yield to the S-states is due to 
changes in the concentration of P680 + . It is clear from 
Eq. (33) that at short times after a saturating flash, 
the quenching will be dominated by P680 + (because 
PQ a is almost zero), while at long times it will be 
controlled by PQ A (because P680 + is negligible) 
(Shinkarev and Govindjee, 1993). 

Figure 1 8 shows the flash number dependence of 
reciprocal fluorescence for different conditions. The 
interpretation of such a presentation can be made by 
using linear relationship between reciprocal fluores- 
cence and quencher concentration. We can say that 
concentration of quenchers at 70 us is largest at 
flashes 3 and 7 and is most probably due to the pres- 
ence of P680 + . In samples withbenzoquinone, we can 
see the appearance of quenchers at each odd flash, 
which, most probably, is due to the faster formation 
of PQ a in the reaction PQ A Q B -> PQ A Q B than in the 
reaction . At longer times, new quencher(s) appears 
with maxima at the 4 and 8 flashes. The nature of this 
quencher is currently not clear. While these observa- 
tions can be made also at the level of original data, 
the advantage of the presentation shown in Fig. 1 8 is 
that we can directly interpret local maxima as been 
linear with to quencher concentrations. Thus, one can 
obtain the time dependence of such quenchers from 
these dependencies. 

In the above analysis, we used Stem- Volmer ap- 
proach allowing us to connect the concentration of 
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Fig. 18. Oscillation of the reciprocal of Chi a fluorescence (=l/F) in spinach thylakoids after each of a series of ten saturating Hashes, 
measured at different times after the Hash (indicated by numbers, in microseconds) at pH 6 (A, B) and pH 7 (C. D) in the absence (A. 
C) and presence (B, D) of 40 pM benzoquinone. Dark time between flashes 1 s. Data points are calculated from Fig. 16. 



quencher with Chi a fluorescence yield. One can also 
use other models currently available in the literature 
for single quencher. These models should be extended 
to take into account multiple quenchers similar to that 
we did for Stern-Volmer equation (see Eq. 32). The 
influence of different models on the modulation of 
the variable Chi a fluorescence yield can be seen in 
Fig. 1 9, where the same set of data was transformed 
using Eq. (31) (Stern-Volmer), Eq. 25 (Joliot and 
Joliot) and Eq. (27) (Dolint and Renger) with p = 
0.5 (d = 1 ) and a,=0.3, when applicable. 

The main conclusion from Fig. 1 9 is that all patterns 
of flash number dependent modulations of quench- 
ers obtained with different models are qualitatively 
similar and each of them can be used as starting point 
of the analysis. 

Figure 20 shows the time dependence of quench- 
ers induced by the second flash, calculated using 



the above three transformations of variable Chi a 
fluorescence yield. Qualitatively, all these time de- 
pendencies are similar, while there are some quantita- 
tive differences in the kinetics of fast components. 
The differences between these transformations are 
characterized quantitatively by using exponential 
deconvolutions of the kinetics of quencher(s) cal- 
culated from flash-induced changes of variable Chi 
a fluorescence yield in spinach thylakoids at pH 6 
(Fig. 16 B) by using Stern-Volmer, Joliot-Joliot, and 
Dohnt-Renger transformations. 

All these transformations gave relatively consistent 
behavior of the quencher(s). The differences in the 
values of the rise-times of quencher concentrations 
for these transformations are usually less than two- 
fold. 

The rise-time of one-exponential deconvolution of 
data averaged over all actinic flashes is 4 1 9, 392 and 
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Fig. 19. A - Flash number dependence of variable Chi a fluorescence yield in spinach thylakoids, measured at different times after the 
actinic flashes (indicated by numbers, in microseconds) at pH 6 in the presence of 40 uM benzoquinone. Dark time between flashes l s. 
Data in panel A are identical to those in Fig. 16 B and shown here for comparison. B The transformation of data in panel A by using 
Stem-Volmer equation (Eq. 31). C - The transformation of data in panel A by using Joliot and Joliot equation (Eq.23) with parameter 
p 0.5 (d 1 ). D The transformation of data in panel A by using Dohnt and Renger equation (Eq.27) with parameters p = 0.5 (d = 1) 
and a, = 0.3. 



402 ps for Stem-Volmer, Joliot-Joliot, and Dohnt- 
Renger transformations, respectively. 

In case of two-exponential approximation, the 
rise-times averaged over all actinic flashes are 1 18 
and 987 ps for Stern-Volmer, 155 and 949 ps for 
Joliot-Joliot transformation, and 164 and 939 ps for 
Dohnt-Renger transformation. The Stem-Volmer 
transformation underestimated the amplitude of the 
fast (~0.1 ms) component (Fig. 21). Nevertheless, 
the flash number modulations of the amplitudes of 
different kinetic components were consistent with 
each other. 

In all considered cases the fitting errors are similar, 
in spite of the fact that Stern-Volmer transformation 
does not use any adjusting parameters. 

We found no significant advantage in using Dohnt- 
Renger transformation over Joliot-Joliot transfor- 



mation for particular set of parameters. Both gave 
almost identical rise-times and amplitudes, as well 
as close values of fitting errors, in spite of the fact 
that Dohnt-Renger transformation has two adjusting 
parameters. No attempts were made to find fitting 
errors for different parameters. 

The interpretation of the observed rise-times is not 
straightforward, especially if one takes into account 
the observed period four modulation of the quencher 
concentration for components that are traditionally 
considered as originating from the donor side. 

In case of two-exponential approximation ( Fig. 2 1 ), 
the component with rise-time 0.1 - 0.3 ms not only 
corresponds to the electron transfer between quinone 
acceptors (Q A Q„ -* Q A Q„, Q A Q„ -*> Q A Q lt H ; ) , but 
possibly also includes components corresponding to 
electron transfer on the donor side of the PS II, as 
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Fig. 20. The time dependence of quenchers of variable Chi a 
fluorescence yield in spinach thylakoids induced by the second 
saturated flash at pH 6 in the presence of 40 uM benzoquinone. 
Original data shown in Fig. 1 6 B (but with longer time scale) were 
transformed by using Eq. (31) (Stern- Volmer equation. ■). Eq. 
23 (Joliot and Joliot equation. • ) with parameter p : 0.5 (d 1 ), 
and by Eq. 27 (Dohnt and Renger equation, ▼) with parameters 
d = 1 (p = 0.5) and a, = 0.3. 



evidenced by the period four flash-number depen- 
dence of the amplitude of this component (Fig. 21, 
top row). The nature of another component with life- 
time of about 1 ms is not known. Crofts etal. (1993) 
suggested that a component with a lifetime of about 
1 ms can be due to the reoxidation of Q A in centers 
with vacant Q B site, via diffusion of PQ molecule to 
Q,, site: Q A — Q A Q () -*• Q a Qb ■ 

Possibly, one should try to go further and use three 
and four-exponential approximation of the observed 
kinetics of the quenchers(s) to provide consistent 
description of observed flash number dependence 
modulation. However, signal to noise ratio of our 
current experiment is not high enough to warrant 
such step. 

In conclusion, we see that current approaches, 
based on the analysis of the quencher concentration 
obtained from fluorescence measurements, give quali- 
tatively similar, but quantitatively different results. 
The rise-times are less sensitive to the method used, 
while the flash-number dependence of the amplitude 



Stem-Volmer Joliot-Joliot Dohnt-Renger 




Fig. 21. Two exponential deconvolution of the kinetics of quencher(s) calculated from flash-induced changes of variable Chi a fluores- 
cence yield in spinach thylakoids at pH 6 (Fig. 16 B) by using Stem-Volmer transformation (Eq. 3 1 ), Joliot-Joliot transformation (Eq. 
23), and Dohnt-Renger transformation (Eq. 27). 






Chapter 8 Oxygen Evolution and Chlorophyll a Fluorescence 



223 



can be completely different. All three transformations 
gave two main components with rise-times of 0. 1-0.6 
ms and 0.9-1. 1 ms. In case of three-exponential ap- 
proximation, a minor component with a rise-time of 
10 ms is consistently seen. The first main component 
of fluorescence quenching with a rise-time 0. 1-0.6 ms 
is PQ a formation during PQ~ -* PQ A reaction (both 
PQaQb PQaQb and PQ A Q B PQ A Q B H 2 ), as well 
reactions on the donor side of PS II, leading to the 
reduction of P680 + . The component with rise-time of 
about 1 ms was attributed by Crofts et al. (1993) to 
the binding of plastoquinone to the Q B binding site 
in RCs, where Q B site was vacant before the flash. 
However, the presence of small period four modula- 
tion of this time indicates the additional involvement 
of some reactions from the donor side. Currently it is 
difficult to exclude the protonation of acceptor side 
of PS II as additional sources for this phase. 

D. Singular Value Decomposition of Chi a 
Fluorescence Yields 

Here we consider another approach, which can fa- 
cilitate the identification of different quenchers of 
Chi a fluorescence. It is based on the singular value 
decomposition (SVD, Press etal., 1989; Leon, 1990) 
of experimental data obtained as result of measure- 
ment of Chi a fluorescence. SVD analysis can be used 
to suggest a minimum number of species contribut- 
ing to observed changes of amplitude and to reduce 
the random noise present in the sample (Henry and 
Hofrichter, 1992). 

The essence of SVD analysis consists in presenting 
the matrix of fluorescence, F R (m x n) as product of 
three matrices: 

F R = U • S •V T (34) 

where orthogonal matrix U (in x n) represents the 
dependence of amplitudes on the flash number (basi s 
‘spectra’, Henry and Hofrichter, 1992), the diagonal 
S matrix (in x n) contains the corresponding singu- 
lar values, and V (in x n) is the orthonormal matrix 
each column of which describes the time evolution 
of corresponding amplitudes. V T is the transpose of 
V F r can be the original matrix corresponding to 
(F - F 0 )/F 0 , or a matrix obtained from the original 
matrix of fluorescence, F, via any transformation 
similar to those described by Eqs. (23) and (27). The 
advantage of using SVD consists in the possibility of 
truncating U and V matrices to include only columns 



whose singular values exceeded the experimental 
noise (Henry and Hofrichter, 1992). This allows 
identifying the number of different quenchers of Chi 
a fluorescence which can be distinguished for given 
signal-to-noise ratio. 

Figure 22 shows the result of application of SVD 
to the fluorescence matrix obtained via Joliot-Joliot 
transformation (Eq. 23). In the example considered 
here, we apply the SVD analysis to the mean-centered 
data. The subtraction of the mean allows ignoring 
non-oscillating component, corresponding mainly 
to PQ a formation. The data set is normalized to give 
unit variance. Four different components are shown in 
Fig. 22. The fourth component of the decomposition 
(bottom left panel) shows irregular oscillations and 
possibly is the noise. Current signal-to-noise ratio 
does not allow extracting more than 3 components 
from mean-centered signal. SVD-components do 
not necessarily correspond to the distinct quenching 
species, but may be linear combinations of them. 
Nevertheless , the amplitudes of the first and the third 
components show clear period four oscillations, while 
amplitude of the second component (left panel in the 
second row in Fig. 22) oscillates with period of two. 
Thus, first and third components definitely originated 
from the donor side of PS II. 

The most important conclusion from the SVD 
analysis of the data shown in Fig. 22 is that observed 
modulation of Chi a fluorescence can be quantita- 
tively described by introducing only three different 
types of quenchers. This is also true for other data 
sets presented in Fig. 16. However, it is difficult to 
exclude that increase in the signal to noise ratio will 
increase the number of quenchers. 



VII. Conclusions 

The light-induced oxidation of water by PS II of 
higher plants, algae and cyanobacteria, is the main 
source of atmospheric oxygen. The discoveries of 
the flash-induced oscillations of different activities 
of the PS II, such as oxygen evolution ( Joliot et al., 
1969) and fluorescence (Delosme, 1971; Joliot and 
Joliot, 1971; Zankel, 1973), have a lasting impact 
on current photosynthesis research. The period four 
oscillations of activities at the donor side of PS II were 
explained by introducing the cycle of flash-induced 
transitions of S-states of an oxygen-evolving complex 
governed by the values of ‘miss’ and ‘double hit’ (Kok 
et al., 1970). The period two oscillations at the ac- 




224 



Vladimir Shinkarev 



us v 





-0 1 


1 


pH 6. benzoquinone 


• v/V* 


-0.2 
-O 3 









Fig. 22. Singular value decomposition analysis of the quenching of Chi a fluorescence in spinach thylakoids at pH 6 in the presence of 
40 uM benzoquinone. Original data shown in Fig. 16 B were transformed by using Joliot and Joliot equation (Eq. 25), and then SVD 
(see Eq. 34) was applied to mean-centered data. The first six singular values are as follows: 8.28. 6.86. 4. 14. 2.01. 0.96. and 0.21. 



ceptor side were explained by specific properties of 
acceptor quinone, which works as two-electron gate 
(Bowes and Crofts, 1980). 

While the Kok model has been successfully used 
over 30 years for interpretation of experimental data in 
photosynthesis, its analytical solution was unknown. 
Here we considered a simple analytical solution for 
the Kok model derived recently (Shinkarev 2003). 
In surprising turn of events, binary oscillations at 
acceptor side of PS II can also be determined in the 
framework of the Kok model. Depending on initial 
conditions of the acceptor side of PS II, there are 
two main cycles of oxygen evolution, the so-called 
V and W cycles. In each of these cycles the binary 
oscillations of the Q 0 semiquinone can be obtained 
from the solution for individual S-states. 

We specifically focus on Chi a fluorescence data 
obtained by ‘pump-and-probe’ technique. When acti- 
vated by a series of actinic light flashes, Chi a fluores- 
cence is modulated with period four and period two. 
To explain such periodic modulations, we have used 
the Kok model of S-state transitions ( Kok et al., 1 970) 



and extended it using several existing approximations 
in order to relate the measured Chi fluorescence to 
the concentration of multiple fluorescence quench- 
ers. These approximations provide useful insight into 
semi-quantitative analysis of the effects of different 
quenchers on the Chi a fluorescence. 

The simple analytical solutions for individual S- 
states, Q tJ semiquinone, oxygen evolution and Chi a 
fluorescence, calculated on the basis of the Kok model 
with the same parameters, provide basis for quantita- 
tive description of charge accumulation processes at 
the donor and acceptor sides of PS II. 
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Summary 

Fluorescence of chlorophylls in the Photosystem I (PS I) reaction center (RC) of plants and cyanobacteria 
in vivo and in vitro is reviewed. The purified PS I-RC has a structure with 90 antenna chlorophyll (Chi) a 
molecules surrounding the six core Chi a molecules that function in the fast electron transfer steps. The RC 
forms a system highly efficient for energy capture and charge separation. Measurements by the new confocal 
microfluorimetry technique have revealed features of ‘high’ PS I fluorescence in single intact heterocyst cells 
that are specialized for nitrogen fixation, compared to that in single vegetative cells of a filamentous cyano- 
bacterium Nostoc sp. Typical PS I fluorescence at room temperature and at 77K are reviewed, with examples 
taken from measurements by a comprehensive streak camera-imaging of fluorescence decay dynamics in (1) 
intact Nostoc cells, (2) isolated spinach PS I particles, (3) chlorophyll-depleted PS I and (4) Chi ^-containing 
PS I of a newly found cyanobacterial type unicellular organism Acaryochloris marina . Ultra-fast energy trans- 
fer and electron transfer in the reaction center is reviewed to obtain a general view for the energy conversion 
in the RC. Excitation equilibration among most of Chls in the PS I-RC is very fast (~0.5ps), and the shift of 
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excitation to several Chi a molecules absorbing at longer wavelength occurs in 3-15 ps in parallel with the 
dissipation of energy in the charge separation in P700 at the center of the reaction center. The overall charge 
separation occurs apparently in 10-50 ps, but the intrinsic charge separation time is estimated to be ~0.5 ps. 
Results obtained with the Chi-depleted or Chi ^-containing PS I, which has a similar structure but lacks long- 
wavelength forms of Chls, also indicates similar fast excitation equilibration and the ultra-fast intrinsic charge 
separation times. 



I. Introduction 

Photosystem (PS) I of green plants and cyanobacte- 
ria produces strong reducing power and emits weak 
fluorescence at room temperature that is character- 
ized by low Chi a fluorescence yield, long emission 
wavelength around 720 nm that increases at low 
temperature (Clio and Govindjee, 1970a,b) and fast 
decay times with almost no dependence on redox state 
of the reaction center (Gobets and van Grondelle, 
200 1 ; and Chapter 5, van Grondelle and Gobets, this 
volume). Usually PS I fluorescence cannot be clearly 
distinguished from the stronger PS II fluorescence 
that gives dynamic intensity changes in response to 
the changes in the redox state of plastoquinone Q A 
that functions as the PS II electron acceptor (Chapters 
8, Shinkarev; and 18, Krause and Jahns). 

The PS I reaction center (RC) complex contains 
a large number of Chls and 12 polypeptides with 
highly conserved amino acid sequences (Jordan et al., 
2001; Ben-Shem et al., 2003). (For general reviews 
of PS I, see Chitnis, 2001, and Ke, 2001. ) The low 
fluorescence yield of PS I at room temperature seems 
to represent efficient energy transfer and charge 
separation; the extra energy that is not used for the 
charge separation is dissipated as fluorescence and 
heat. Figure 1 shows the arrangement of cofactors in 



Abbreviations : A 0 - PS I primary electron acceptor, Chi a- 
690; Aj - PS I secondary electron acceptor, phylloquinone; 
BChl- bacteriochlorophyll; CCD - charge-coupled device; 
Chi - chlorophyll; E m midpoint oxidation-reduction potential; 
F a - iron- sulfur center A; F B - iron- sulfur center B; FMO-pro- 
tein Fenna-Matthews-Olson bacteriochlorophyll a protein of 
green sulfur bacteria; fwhm full width at the half maximum; 
F x - iron sulfur center X; P700 -PS I primary electron donor made 
of a special pair of Chi a and Chi a' in plants and cyanobacteria; 
P740 - PS I primary electron donor made of a special pair of Chi d 
'mAcaryochloris marina ; PC - phycocyanin; PE phycoerythrin; 
PS I Photo system I (including photosystem I light-harvesting 
antenna proteins and reaction center complex); PS II Photo- 
system II (including photosystem II light-harvesting antenna 
proteins and reaction center comp lex); PS II-RC - Photosystem II 
reaction center complex; PS I-RC -Photosystem I reaction center 
complex; RC -reaction center complex; AG° - Gibbs free energy 
difference; A - reorganization energy of a reaction 



the three-dimensional structure of purified PS I RC as 
resolved by X-ray crystallography of a thermophilic 
cyanobacterium Thermosynehococcus elongatus 
(Jordan et al., 2001). The RC complex contains 96 
Chi a, 22 carotenoids, 2 phylloquinones (either one, 
or both, of them function(s) as the electron acceptor 
named A[), and three 4Fe-4S-type iron sulfur clus- 
ters named F x , F A , F B , as well as 4 lipid molecules 
(3 molecules of phosophatidyl glycerol and 1 mol- 
ecule of monogalactosyl diglycerol). Chlorophylls 
are bound to membrane spanning polypeptides that 
include heterodimer of two large similar, but differ- 
ent, core polypeptides PsaA and PsaB, each of them 
made of about 750 amino acid residues. The cofac- 
tors other than iron sulfur clusters are bound to RC 
non-covalently. The RC also attaches small peripheral 
polypeptides named C through F, I through M and 
X, each of them consisting of 35-154 amino acid 
residues. The iron sulfur center F x is made of four 
cysteine residues; two from PsaA and the other two 
from PsaB. F x , thus, covalently connects PsaA and 
PsaB polypeptides at the stromal (cytoplasmic) side 
of the center of the RC. F A and F B clusters reside on 
the PsaC protein, which is attached to the stromal 
surface above F x . Proteins PsaC, PsaD and PsaE are 
attached to the stromal surface and the protein PsaF, 
to the intra-thylakoidal surface. These surface proteins 
bear no Clils. The other proteins are intrinsic to the 
membranes and bind Chls. They are situated around 
the PsaA/PsaB heterodimer. PS I-RCs mainly exist 
as the trimer in cyanobacteria. In general, PS I Clils 
show redder absorption bands than those of PS II. The 
redder PS I Clils are responsible for the apparent red 
drop in the action spectrum (quantum yield ) of oxy- 
gen evolution, and the enhancement effect in oxygen 
evolution in two wavelengths of light, known as the 
‘Emerson effect.’These effects led to the discovery of 
the two photosystems and two light reaction scheme 
of photosynthesis (Govindjee, 2000 ). 

The structure and function of the RC of PS I in 
cyanobacteria, shown in Fig. 1, are also shared by 
the PS I of higher plants and algae, although there 
are some differences (Chitnis, 1996; Ben-Shem et 
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al., 2003). Plant PS I has extra polypeptides PsaG, 
PsaH ad PsaN in addition to those found in the cya- 
nobacterial PS I. Extra Chls are bound to the mem- 
brane-intrinsic light harvesting chlorophyll proteins 
belonging to PS 1 (LHCP1) which are not found in 
cyanobacteria. Some of them emit fluorescence also 
at longer wavelengths (Bassi et al., 1992; Ihalainen 
et al., 2000). On the other hand, some cyanobacteria 
are known to produce different types of light harvest- 
ing membrane proteins under iron-depleted, stressed 
condition in response to the decrease in the PS I-RC 
that uses iron in its iron sulfur centers (Boekema et 
al., 2001). The proteins (called CP43') make a large 
circular arrangement around the RCs of a PS I trimer, 
and transfer energy to the RCs (Bibby et al., 2001). 

The studies of excitation energy transfer and the 
primary charge separation mechanism in the PS I-RC 
have been rather difficult for a long time due to the 
high content of Chls on the RC itself (Fig. 1C briefly 
summarizes the current knowledge of excitation 
transfer on this RC as described in section III). The 
three-dimensional structure of the RC resolved by 
X-ray crystallography (Jordan et al., 2001 ; Ben-Shem 
et al., 2003) now provides new information. Theoreti- 
cal as well as experimental trials to solve the puzzle 
of complex flows of energy and electron in PS I-RC 
have started on the basis of its molecular architecture 
(see Gobets and van Grondelle, 200 1 ; Damj anovic et 
al., 2002; and Chapter 5, van Grondelle and Gobets). 
Fluorescence emitted from Chls in this RC can be 
a useful tool in understanding the mechanisms of 
excitation transfer and electron transfer. Photosystem 
I fluorescence at room and low temperature is re- 
viewed here with examples from new comprehensive 
streak camera-imaging method and confocal micro- 
spectrometry in (1) intact Nostoc cells, (2) isolated 
spinach PS I particles, (3) chlorophyll-depleted PS I 



Fig. 1. Pigment arrangement in cyanobacterial Photosystem I-Reaetion Center (PS I-RC) revealed by X-ray crystallography. [A| and 
[BJ. Views from the membrane vertical (A) and from the cytoplasmic (stromal) surface (B), respectively. 95 molecules of ehromophore 
head moieties of Chi a (their phytol tails are not shown), as well as of 22 molecules of carotenoids and 2 molecules of phylloquinones 
are shown as stick models. Three 4Fe-4S iron sulfur centers (F x , F B and F A ) are shown as space-filling models. |C]. Schematic representa- 
tions of the rates of energy transfer and of the electron transfer (in the central core domain) of the RC. The solid triangle represents the 
symmetry center of the PS I trimer. (See section III.A for details of energy transfer). In the central domain, electron transfer occurs from 
the excited donor (P700*) to the acceptor Chi a (A 0 ), phylloquinone (A t ), and to the three 4Fe4S clusters (F x , F B and F A ), as indicated by 
open arrows and corresponding time constants. Notice that the electron transfer times are represented by their intrinsic time constants 
(calculated times) and not by detected apparent reaction times. Excitation energy transfer was roughly grouped into three types: ( 1 ) Fast 
equilibration process (0.5ps); (2) excitation shift into longer wavelength band (3-1 5ps); and (3) energy equilibration and the primary 
charge separation (apparently 10— 50ps); the intrinsic charge separation time is close to 0.5 ps. Dark funnel like structures schematically 
represent the longer wavelength emitting Chi forms C-702, C-708 and C-7 1 5 that are situated at energy levels lower than major antenna 
Chi levels and accumulate excitation energy transiently before used by the charge separation. Their locations and excitation transfer 
times are not fully clear yet, however the values estimated by the theoretical predictions by Damjanovicet al. (2002) are shown. 
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and (4) chlorophyll c/-containing PS I-RC of a newly 
found cyanobacterial type organism Acaryochloris 
marina. The type-I RCs of various organisms are 
also reviewed to obtain a general view for the energy 
conversion in these RCs. 



II. Fluorescence of Photosystem I in Vivo 

A. Observation of a Single Cell by Confocal 
Laser Microscope Fluorimetry 

The yield of PS I fluorescence is weak at room 
temperature and shows almost no dependency on 
the redox states of the intrinsic cofactors. This is in 
contrast to the PS II fluorescence, which is stronger 
and increases with the photoreduction of the electron 
acceptor Q A , a bound plastoquinone. The detection 
of pure PS I fluorescence in natural condition is, 
therefore, rather difficult as it is overshadowed by 
the stronger PS II fluorescence. Construction of mu- 
tants which lack PS II enabled measurement of PS I 
fluorescence in intact but somewhat artificial systems 
(Werst et al., 1992; DiMagno et al., 1995; Chitnis, 
1996). We can measure PS I fluorescence separately 
from the PS II fluorescence under natural conditions 
in heterocyst cells as shown in Figs. 2A and 2B. The 
figures show the fluorescence of each single cell in 
a filament of cyanobacterium Nostoc sp., measured 
by a specifically designed confocal laser microscope 
(Nanofinder, Tokyo Instruments, Tokyo, Japan). 
Under nitrogen-deficient conditions filamentous 
cyanobacteria produce 5-10% of so-called heterocyst 
cells in the filament, which are typical large spherical 
cells with thick cell walls (Fig. 2A). Heterocysts are 
known to contain almost no PS II (Peterson et al., 
1981 ). Vegetative cells, on the other hand, have both 
PS I and 11. Heterocyst cells contain low amount of 
phycoerythrin (PE) and phycocyanin (PC) and lack 
PS II activity, and are specialized for nitrogen fixation 
that requires the strong reducing power produced by 
PSI(X. Xu and Wolk, 2001). 

A confocal laser microscope equipped with a 
50 cm monochromator that is coupled to a cooled 
CCD (charge-coupled device) detector was used to 
measure the fluorescence of single intact cells of 
Nostoc sp. Fluorescence was excited by the 488 nm 
light with a 250 nm spot diameter inside each cell to 
measure spectrum. The scanning of laser beam al- 
lowed measurement of three-dimensional distribution 
of fluorescence of pigment at desired wavelength in 
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Fig. 2. | A | Microscopic image of a heterocyst cell (No. 2) and 
vegetative cells (Nos. 1 and 3) in a filament of Nostoc sp. cells. A 
focused spot of 488-nm laser beam is seen inside heterocyst cell. 
[B] Fluorescence spectrum of the individual cells (Nos. 1-3 of 
Fig 2 A ) at room temperature, measured by a confocal laser micro- 
scope connected to a spectrograph with a cooled CCD detector. 
Excitation source is 488 nm beam from an Ar laser (Nanofinder, 
Tokyo Instruments, Tokyo, Japan). [C| Temperature dependent 
changes in the fluorescence and absorption spectra of vegetative 
cells of Nostoc sp. measured by confocal microspectroscopy. 
Traces represent fluorescence spectra measured at 285, 160 
and 77K as indicated. A trace in the same figure represents the 
absorption ( Abs. ) spectrum of vegetative cells of Nostoc sp. at 
77K, measured in a similar set up (absorbance scale on the right 
axis; K. Sugiura Y. Shibataand S. Itoh, unpublished) 



each cell (K. Sugiura, Y. Shibata, T. Sakamoto, and 
S. Itoh, unpublished). Vegetative cells that are the 
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major cell type in the filament give fluorescence at 
575 nm from PE, at 660 nm from PC, and at 684-685 
nm from Chi a of PS II, and a shoulder around 725 
nm of long wavelength Chi a that belongs to PS I 
when excited with 488nm argon laser beam at room 
temperature. (At 725 nm, a small contribution from 
the satellite band of the band at 685 nm is also super- 
imposed. ) On the other hand, a heterocyst cell, which 
can be morphologically discernible from nearby 
vegetative cells by its thick cell wall and large cell 
shape, emits fluorescence with a peak at 725 nm with 
weak shorter wavelength bands of PC at 640 nm and 
PE at 580 nm, respectively. The 725 nm fluorescence 
originates mostly from PS I Chi a. Vegetative cells 
next to the heterocyst emit strong PS II fluorescence 
at 680-685 nm and weak PS I fluorescence near 725 
nm as shown in Fig. 2B. The fluorescence spectrum 
varies somewhat from cell to cell but shows the fea- 
tures of heterocyst and vegetative cells, respectively, 
in each cell (not shown). 

B. Long Wavelength Fluorescence of Photo- 
system I and its Origin 

At room temperature, the 725 nm fluorescence of 
vegetative cells is low and cannot be clearly resolved 
from an overlapping shoulder band of the 684-685 
nm PS II Chi fluorescence (Fig. 2B). These fluores- 
cence bands can be resolved better at 77K as has been 
known for a long time (Clio and Govindjee, 1970a, 
1970b ). On cooling down from room temperature, the 
fluorescence peak of PS II at 684-685 mn increased 
significantly when Nostoc cells were measured in a 
small cryostat (Oxford Instruments, Oxford, UK) 
put on the microscope stage (Fig. 2C). On further 
cooling to 77K, the peak splits into two peaks at 685 
and 694 nm that are known to be emitted from Chls 
in the 43 and 47 kDa core antenna proteins of PS II, 
respectively (see various chapters in Govindjee et 
al., 1986; Govindjee, 1995). The cooling to 77K, on 
the other hand, drastically increases intensity of PS I 
fluorescence and shifts its peak from 725 nm to 730 
nm as shown in Fig 2C. 

The PS I fluorescence has been an attractive topic of 
energy transfer studies for a long time, since such long 
wavelength bands are missing in PS II. The increase 
of the long- wavelength bands of Chi fluorescence on 
cooling is explained in general by the distribution 
of more excitation on a small number of Chls with 
the lowest energy levels according to the Boltzmann 
distribution. Increases influorescence lifetimes due to 
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suppression of thermal deactivation processes is also 
expected to increase fluorescence at 77K as seen in 
PS II fluorescence. Dynamic energy transfer process 
among a larger number of antenna Chi a molecules 
on PS I-RC, together with the long wavelength Chi a 
and P700 has been a maj or target of PS I fluorescence 
studies (Clio and Govindjee, 1970a; Shubin et al., 
1991; Du et al., 1993; Trissl, 1993; DiMagno et al., 
1995; Karapetyan et al., 1997,1998; Koehne and 
Trissl, 1998; Koehne et al., 1999). As seen from Fig. 
3, the long wavelength Chls efficiently accumulate 
excitation energy from the other Chls. 

Figure 2C also shows an absorption spectrum of a 
typical vegetative cell of Nostoc sp. at 77K measured 
by the same microspectroscope with a space resolu- 
tion of 1500 nm by a combination of tungsten light 
source and two Nikon objective lenses (K. Sugiura, 
Y. Shibata, T. Sakamoto, and S. Itoh, unpublished). 
The absorption spectrum shows a small peak at about 
715 nm in addition to the main peak at 685 nm. The 
Chi that has a 7 1 5 nm absorption peak seems to accept 
excitation from the other shorter-wavelength Chls; 
it emits fluorescence at 730 nm. The wide widths of 
the absorption and emission bands of this Chi may be 
explained by the broadening due to dimer or trimer 
fonnation as suggested by the high polarizability of 
long wavelength Chi bands (Frese et al., 2002) or by 
different environments (Damjanovic et al., 2002). 

The absorption and emission spectra of long- wave- 
length band somewhat vary depending on organisms 
(Trissl, 1993; Gobets et al., 2001). In a cyanobac- 
terium Spiiurina platensis, the long-wavelength 
fluorescence band is situated at 758 nm and is strong 
even at room temperature. Furthermore, its intensity 
changes in response to the redox state of P700. It was 
proposed that the Chi species responsible for the 758 
nm fluorescence band transfer excitation energy to 
P700 + that reveals longer wavelength absorption band 
in the oxidized state (Shubin et al., 1991, 1992). 

The example in Fig. 2 shows that PS I is responsible 
for the major part of 725-760 mn fluorescence that is 
emitted from the long wavelength-absorbing antenna 
Chls. As PS I of cyanobacteria lack separate antenna 
Chi a proteins under normal conditions, these antenna 
Chls must reside in the PS I-RC complex shown 
in Fig. 1, although the detailed excitation transfer 
mechanism among the Chls in the PS I-RC structure 
in Fig. 1 is not yet fully resolved. The long- wavelength 
fluorescence has been estimated to be emitted from 
Chi a molecules in the dimeric or trimeric forms 
of PS I-RC, presumably in a region located neither 
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Fig. 3. [A] Fluorescence decay measured by the wavelength-time two-dimensional fluorescence imaging of intact Nostoc sp. cells 
(mainly vegetative cells) at 77K. The image was measured with a system that combines a 30 cm monochromator, a streak camera and a 
photon-counting CCD system (Hamamatsu Photonics Co.. I lamamatsu, Japan) and a liquid nitrogen cryostat (Oxford DN-900. Oxford 
UK). Each dot in the image shows a trace of a photon emitted as fluorescence. The lines show averaged equi-fluorescence intensity 
lines calculated from the image. Fluorescence was excited with a 405 nm. 60 ps fwhm diode laser operated at 1MHz; see Fig. 4 for a 
typical image of excitation laser beam. [B] Time-resolved fluorescence spectra at indicated times after the laser excitation. The spectra 
were calculated from each selected sliced time ranges in image A. [C] Decay time courses at indicated wavelengths calculated from the 
selected wavelength ranges in image A. (S. Itoh, unpublished). 



very close to P700 nor very remote from P700 (Go- 
bets and van Grondelle, 2001; Damjanovic et al., 
2002; Chapter 5, van Grondelle and Gobets). PS I 
fluorescence of other organisms, such as algae and 
plants, shares features with those of cyanobacteria 
having long wavelength emitting Chls in the PS I-RC 
(Poisson et al., 1995; Soukoulis et al., 1999). Green 
plants and algae contain about 200 Chls in PS 1: a 
half of the Chls in the RC and the others in the light 
harvesting antenna membrane proteins ( LHC I ). The 
red-shifted Chls absorbing at 702 nm and emitting at 
712 nm at room temperature seem to be a common 



component of all the PS 1-RC complexes. Some of the 
LHC I Chls also emit long wavelength fluorescence 
(Bassi et al., 1992; Turconi et al., 1994; Green and 
Durnford, 1996; lhalainen et al., 2000,). 

C. Photosystem I without Long Wavelength 
Emitting Chlorophylls 

Some organisms lack the long wavelength fluores- 
cence band of PS I. Govindjee et al. ( 1 979) observed 
the lack of long- wavelength emitting bands at 77K in 
the dinoflagellate Gonyaulax pofyedra . Intact cells 
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of a cyanobacterium Gleobacteria emit Chi fluores- 
cence only in the 680 nm region even when tested 
at a very fast ps time range after laser excitation at 
77K (Mimuro et al., 2002). The isolated PS I of this 
organism seems to have new antenna proteins that 
fluoresces in the 680 nmregion (Mangels etal., 2002). 
This species lacks intracellular thylakoid membranes 
(Guglielmi et al., 1981) due to the lack of sulfolipids 
that are major lipids in thylakoid membranes (Selstam 
and Campbell, 1996), and, therefore, has PS I and II 
activities on the cytoplasmic membranes . The organ- 
ism seems to be one of the most primitive cyanobac- 
teria according to the molecular phylogeny. 

Lack of long-wavelength fluorescence band is also 
seen in a newly discovered cyanobacteria-type organ- 
ism Acaryochloris marina that uses Chi d instead of 
Chi a as a major pigment, with only 5-10% of Chi a 
present (Miyashita etal., 1997, 1998). This organism 
seems to have evolved from the other cyanobacteria 
more recently than Gleobacter according to the 
molecular phylogeny based on its ribosomal RNA 
(Miyashita etal., 1998). The unique PS IhavingChl d 
in A. marina was purified and characterized (Hu et 
al., 1998). The RC is exceptional among all the other 
oxygenic photosynthetic organisms that have been 
known to use Chi a or its isomers ubiquitously in 
their RC complexes. The special pair Chi designated 
as ‘P740’ by Hu et al. (1998) is made of two Chi d 
molecules and gives a peak of absorption difference 
at 740 nm (it is shown later in Fig. 7). Fluorescence 
of the isolated PS I-RC of A. marina gives a peak at 
720-725 nm at 300-77K (as shown later in Fig. 8, 
Kumazaki et al., 2002). Longer wavelength peaks 
were detected neither in isolated PS I-RC nor in intact 
cells (Mimuro et al., 1999, 2000). 

D. Measurement of Fluorescence Decay 

Measurements of decay kinetics of fluorescence 
within short ps-ns time ranges provide information 
about dynamic features of energy transfer and pri- 
mary charge separation in photosynthesis. Pioneer- 
ing studies in early days were performed with the 
time-correlated single photon counting method or 
phase sensitive fluorimetry, and revealed fast energy 
transfer from shorter wavelength antenna pigments to 
PS I- and PS II-RCs (see e.g., Yamazaki et al., 1985; 
Mimuro et al., 1987; Owens et al. 1988; Holzwarth 
et al., 1993). 

Now the relationship between spectrum and life- 
time of fluorescence can be clearly visualized as the 



two-dimensional image of fluorescence as illustrated 
in Fig. 3 A. The figure shows wavelength on the x-axis 
and time on the y-axis of fluorescence emitted from 
intact cells of Nostoc sp. The image was obtained 
by a combination of monochromator, streak camera, 
fiber-coupled CCD, and a conventional blue or red 
photodiode lasers that give 60 ps fwhm (full width 
at the half maximum value) pulses filed at 1 MHz 
as described elsewhere (see Gilmore et al., 2000; 
Chapter 21, Gilmore). The laser pulse was focused 
onto the sample surface, in a diameter of a few tenths 
of a mm. The fluorescence emitted was focused at an 
entrance slit of the monochromator, dispersed as for 
wavelength along the x-axis, and then focused onto a 
horizontal entrance slit of the streak camera. Inside 
the streak camera, the photoelectrons produced in the 
multichannel plate were dispersed along a vertical 
y-axis by a scanning high voltage bias depending on 
the time of arrival with respect to the laser pulse, and 
then gave images on the phosphor plate at the exit. 
The images were then accumulated on the tempera- 
ture-controlled CCD camera and were transferred 
to a computer every 30 ms. The gravitational center 
of each bunch of photoelectrons above noise level 
is scored as the trace of one photon in the photon- 
counting mode (Hamamatsu Photonics, Hamamatsu, 
Japan). The system accumulates photons at different 
wavelength and delay time on the same image. The 
high efficiency system allows measurements under 
weak excitation laser pulses that do not damage intact 
leaf, cell and purified RCs, and have no artifact due 
to annihilation processes. 

A typical image of the two-dimensional assay of 
fluorescence is shown in Fig. 3A. The image was 
obtained with Nostoc sp. cells at 77K and clearly 
shows decay process of each pigment. The scatter- 
ing of blue diode laser (thorough a 500 nm blue cut 
off filter) gave just a narrow wavelength width on a 
horizontal x-axis at 405 nm and a short lifetime of 
60 ps along the vertical y-axis. Fluorescence band of 
PE at 560 nm showed a biphasic decay with what we 
call a ‘fast short decay’ (with a decay time constant 
of 1 60 ps estimated by the simulation program ) and a 
‘slow long decay’ (2.5 ns) (see the vertical time axis 
in the image ). Fluorescence of PC at 660nm showed 
13 Ops and 1.6 ns decays. The faster decay phases of 
PE and PC reflect energy transfer times from PE to 
PC or PC to Chls, respectively, and are shorter than 
decay times of PS II Chls at 685 nm (210 ps and 0.96 
ns) and of PS I Chls at 730 nm (470 ps and 0.96ns). 
(For history of the earliest measurements on lifetime 
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of fluorescence and on emission bands in photo- 
synthetic systems, see Brody, 2002; and Mimuro, 
2002.) The longer lifetime components, shown as 
long vertical traces in Fig. 3A, seem to represent 
energy dissipation in each pigment complexes. The 
73 0 mn PS I fluorescence showed a slow rising phase 
with a time constant of around 100 ps suggesting 
energy transfer from shorter wavelength to longer 
wavelength Chls. 

These decay time constants can be calculated by a 
simple simulation program from decay time courses 
at a selected wavelength range that were obtained 
from the image along the time axis as shown in 
Fig. 3C (or from a total image by a global analysis 
program). We can also analyze the same data in the 
wavelength domain as the time-resolvedfluorescence 
emission spectra, taking slices along the horizontal 
x-axis at selected time sections as shown in Fig. 3B. 
(The method for the global analysis, using all the 
data points, was developed by Gilmore et al., 2001.) 
It is easily seen that the short lifetime components of 
PE and PC transfer excitation energy to Chi a forms 
emitting at 685-690 nm, and the molecules emitting at 
73 0 nm accept excitation from the shorter wavelength 
absorbing Chls (see Fig. 4), as it has been shown in 
earlier studies (Yamazaki et al., 1 985; Mimuro et al., 
1987; Owens et al., 1988; Holzwarth et al., 1993). 



III. Fluorescence in Isolated Photosystem I 
Reaction Centers 

A. Energy Transfer and Electron Transfer in 
Photosystem I 

The fast energy transfer kinetics in PS I can be 
summarized as follows (see Fig. 1C) based on the 
measurements of ps fluorescence kinetics, fs to ps 
transient absorption spectroscopy, and fluorescence 
up-conversion studies performed on the isolated 
PS I-RC preparations (Du et al., 1993; Holzwarth 
et al., 1993; Hastings et al., 1994a; DiMagno et al., 
1995; P&lsson et al., 1995; Trinkunas and Holzwarth 
1996; Savikhinetal., 1999,2000; Byrdinetal.,2000; 
Croce et al., 2000; Melkozernov et al., 2000; Gobets 
et al., 2001; Kennis et al., 2001; also see Chapter 5, 
van Grondelle and Gobets ). As studied by Savikhin et 
al. (1999) and Gobets et al. (2001), upon the excita- 
tion of PS I-RC, at room temperature, the following 
consecutive and overlapping processes occur (see Ke, 
2001, for a general discussion on PS I components 



and early references on time constants of electron 
transfer steps): (1) A fast equilibration of excitation 
energy among majority of Chls in PS I-RC with a 
time constant of 400-600 fs. (2) Charge separation 
between P700 and adjacent Chi or A 0 (Chi a 690) 
with an estimated intrinsic time constants of 0.5-10 
ps (with an apparent time constant of 20-50 ps that 
may include exciton equilibration time among neigh- 
boring Chls); the observed multiple phases may be 
due to limitations in the energy transfer process. (3) 
Energy migration from the short to long wavelength 
Chls in atime range of 3.4-15 ps in parallel with the 
transfer of excitation energy to P700. (4) Electron 
transfer from P700 to the primary electron acceptor 
Chi (A 0 ) with an apparent time constant of 9—10 ps 
and to the secondary acceptor phylloquinone (A,) 
with an intrinsic time constant of 1 3-30 ps (Hastings 
et al., 1994b; Kumazaki et al., 1994b; Savikhin et 
al., 2001). (5) Excess excitation energy dissipation 
as heat from the long wavelength Chls with a time 
constant of 1 ns. These features of energy transfer in 
PS I-RC are schematically summarized in Fig. 1C, 
although the locations of long-wavelength Chls as 
well as the excitation transfer rate of each process 
are still strongly debated. 

A small number of red shifted Chls that absorb 
light around 702 nm and emit fluorescence around 
712 nm at room temperature is a common compo- 
nent of plant and cyanobacterial PS-I particles. (See 
Lavorel, 1963, for a band in 712-718 mn region in 
Chlorella. ) In trimeric PS I-RC of Synechococcus and 
monomeric PS I-RC of Spirulina, a second pool of 
red Chls is present, which absorbs around 708 nm, 
and emits around 721 nm. In the Spirulina trimeric 
PS I-RC, a second even more red-shifted pool of 
Chls absorbs around 715 nm and emits at 730 nm 
(Gobets et al., 2001). Kinetics of excitation energy 
transfer among majority of Chls in PS I-RC complex 
is nearly trap-limited. On the other hand, trapping 
of excitation from the long wavelength chlorophyll 
pools is diffusion-limited and seems to be mediated 
by other Chls nearby P700 . Although apparent charge 
separation time in P700 is slow due to the energy 
re-distribution from P700 to the large number of 
Chls, the estimated intrinsic charge separation time 
of P700 is around 0.5-1 ps and is faster than those 
estimated in PS II or purple bacterial RC (Kumazaki 
etal., 1997; Karapetyan et al., 1999). 

The apparent time constants of the primary charge 
separation and of overall decay of excitation varies 
depending on the number of antenna Chls in the PS I 
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preparation used, as indicated by Owens et at. (1988) 
and confirmed by Hastings et al. (1994a) and White 
et al. (1996). These studies estimated 0.25-0.7 ps 
for the intrinsic time constant of the primary charge 
separation based on the measurement of apparent 
fluorescence lifetime that linearly depended on the 
number of antenna Chls remaining on the PS I-RC 
after depletion of Chls by detergent treatments. The 
apparent fluorescence lifetime is a function of the 
excitation transfer rate and the charge separation 
time at P700. Plant PS I contains about 100 Chi a 
molecules in the PS I-RC core and the other 100 are 
in LHC I. The apparent time constant for the charge 
separation between P700 and A 0 is, therefore, rather 
slow (20-50 ps) since the charge separation process 
that occurs from a singlet excited state of P700* oc- 
curs in competition with the energy migration from 
P700 to the large number of antenna Chls. 

Kumazaki et al. (1997) estimated the rate con- 
stant of excitation-transfer step to be comparable 
to or smaller than the intrinsic rate constant of the 
electron transfer from P700*. This situation results 
in the incomplete accumulation of A,; after a single 
flash excit ation, since the re-oxidation of A,; by the 
secondary acceptor phylloquinone (Aj) occurs rapidly 
with a similar time constant of 1 0 ps upon the selec- 
tive excitation of P700 (Savikhinetal., 2001), 23 ps 
in the PS I with 1 1-20 Chl/P700 (Kumazaki et al., 
1994b) or 30 ps in detergent-treated PS I (Hastings 
et al., 1 994 ). The detectable charge separation time is 
limited by the energy equilibration rate between P700 
and large number of Chls in PS I and is always slower 
than the intrinsic one. The apparent accumulation rate 
of P700 + or A 0 ~, therefore, is faster if the number of 
Chls on PS I is decreased. Kumazaki et al. (1994a, 
1994b) detected rise and decay of A,, - signal with 
apparent time constants of 9 ps and 23 ps, respec- 
tively, in the ether-extracted PS I that contains 1 1-20 
Chls/P700 as shown below. Furthermore, selective 
direct excitation of P700 in this preparation gave 0.8 
ps (50%) and 9 ps (50%) rises of P700 + (Kumazaki et 
al., 2001 ). The 0.8 ps component had the fastest time 
constant ever-detected in PS I-RC and the intrinsic 
rate of electron transfer between P700 and the near- 
est-acceptor Chi (accessory Chi a) can be predicted 
to be (0.5-0. 8 ps) -1 . The ultra-fast intrinsic charge 
separation rate agrees with the one estimated by 
DiMagno et al. (1995 ) based on the observation of 
25 ps fluorescence decay time in the 130 Chl/P700 
PS I preparation or by Trinkunas and Holzwarth 
(1994) by simulations of two-dimensional excitation 



transfer dynamics in the PS I core antenna/reaction 
center complex. 

B. Fluorescence Decay in Isolated Spinach 
Photosystem I Particles at 77 K 

Figure 4 shows a typical time -wavelength two-dimen- 
sional image, at 77K, of fluorescence measured in 
spinach PS I particles that contain 160 Chi a/P700. 
The particles were isolated and purified after the 
treatment of chloroplasts with detergent digitonin. 
The excitation diode laser at 645 mn gives just a 
small spot in the upper left corner showing its narrow 
emission wavelength and short illumination time. 
The fluorescence image at room temperature gave 
peaks at approximately 685 mn and at 725 mn, with 
decay times in the range of 50-100 ps (not shown). 
At 77 K, a large fluorescence band can be detected 
at 730 nm with a slow rise and decay. Fluorescence 
at 680 nm region gave lifetimes of 5360 and 3200 ps, 
and that at 730 nm gave lifetimes of 2600 ps, as seen 
from the decay traces in Fig. 4C. The time-resolved 
spectra in Fig. 4B indicated the faster rise of the 685 
nm fluorescence and the slower decay of 730 nm 
bands, respectively, indicating energy transfer from 
the short to long wavelength absorbing species, emit- 
ting at 685 nm and 730 nm, respectively. The feature 
of plant PS I-RC resembles those in cyanobacterial 
PS I-RC. 

The efficiency of PS I photochemistry seems to be 
benefited by the existence of long- wavelength Chi a 
molecules that accumulate and stabilize the excita- 
tion energy for some period before it is used for the 
charge separation in P700; these long-wavelength 
forms can transfer the excitation energy to P700 at 
room temperature according to the consensus results 
of studies on PS I fluorescence (Trissl, 1 993). At low 
temperature, however, the long-wavelength antenna 
Chls retain the excitation energy and emit long-lived 
fluorescence, as seen in Fig. 4. At 5 K only 50% of 
the non-selective excitations reach P700 before they 
are irreversibly trapped in one of the long-wavelength 
antenna Chls with absorption peaks at 708 and 719 
nm, respectively, in S ynechococcus elongatus (L-O. 
P&lsson et al., 1998). 

The features of PS I in containing long-wavelength 
Chls may have some functional relationship with the 
type I RCs of anoxygenic photosynthetic bacteria; 
such as Heliobacteria that have BChl g as a major 
antenna, where some of them absorb at wavelengths 
a little longer than the primary electron donor BChl g 
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Fig. 4. Wavelength-time two-dimensional fluorescence imaging of Photosystem I particles isolated from spinach (200Chl r//P700) at 
77K.. [A) A two-dimensional fluorescence image as obtained in Fig. 3A. [B] Time resolved fluorescence spectra at indicated times. [C] 
Decay kinetics at indicated wavelengths. (S. Itoh and S. Akai, unpublished results.) 



special pair (P800; as reviewed by Hauska et ai., 
2001), or Chlorobium species that have BChl a as 
major antenna, where, again, some of them absorb 
at wavelengths a little longer than the special pair 
of BChl a , P840 (Oh-oka et al., 1995). These type-I 
RCs, on the other hand, are called homodimeric RCs 
since they are made of only one type of polypeptide 
encoded on psha gene (Heliobacteria) and psca gene 
( Chlorobium ), respectively, and are somewhat differ- 
ent from PS 1 RC that is a PsaA/PsaB heterodimer. 

Heliobacteria have no pigment proteins other than 
the RC homodimer complex. Chlorobium has three 
antenna FMO-proteins (Fenna-Maltiiews-Olson ( FMO ) 



BChl a protein) attached to the acceptor side surface 
of RC as well as the large chlorosomes that contain 
large amounts of BChl c aggregates (Hauska et al., 
2001 ). Although the homologies between the amino 
acid sequences of PscA, PshA and PsaA polypeptides 
are less than 20%, they conserve structural features 
and specific amino acid residues that are estimated 
to be important in the three-dimensional structure of 
cyanobacterial PS I-RC. Numbersof BChls on these 
RCs are estimated to be 30-50 and are smaller than 
that of Chi a in PS I-RC. The homodimer RCs, thus, 
seem to be ancestral types of PS I-RC with structures 
essentially similar (but differing somehow') to that 
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of PS I. Comparison of energy transfer process in 
a series of type-I RCs seems to give more detailed 
insights into the mechanism and evolution of excita- 
tion transfer system in PS I. 



IV. Fluorescence in the Chlorophyll-deplet- 
ed Reaction Center of Photosystem I 

A. Extraction of Chlorophylls from the Reac- 
tion Center of Photosystem I 

Fast energy migration among more than 100 pigment 
molecules in intact PS I-RC seems to be the major 
basis for the highly efficient capture of solar energy 
with low fluorescence yield. Efficient excitation 
transfer between P700 and a large number of Chls, 
on the other hand, also slows down the apparent 
charge separation time of P700 since the excita- 
tion transfer from P700* to antenna Chls occurs in 
competition with the charge separation process that 
is estimated to have an intrinsic time constant of 

0. 5-5 ps (Trinkunas and Holzwarth 1994; DiMagno 
et al., 1995; Kumazaki et al., 2001). A simple model 
based on the three-dimensional geometry of Chi by 
assuming same energy levels for all the Chls u ex- 
cept P700 on PS I-RC suggests more than 100 hops 
of excitation between Chls before it is used for the 
charge separation (Gobets and van Grondelle, 2001; 
Chapter 5, van Grondelle and Gobets ). The difference 
in the energy levels of antenna Chls also seems to 
enhance the energy transfer efficiency (Damjanovic et 
al., 2002). Du et al. (1993) measured fast depolariza- 
tion of PS I fluorescence within a ps time range, and 
showed very rapid energy transfer between antenna 
Chi a molecules. On the other hand, measurements 
in Chi-depleted PS I preparations showed an ultra- 
rapid charge separation time of 0.4 ps (Kumazaki et 
al., 1997,2001). 

The large number of Chls on PS I-RC have posed a 
serious problem for the accurate optical detection of 
the primary electron transfer events in the core moiety, 

1. e., the electron transfer from P700 to the acceptor 
Ac, which is a Chi a that absorbs at 690 nm, and to 
phylloquinone (A[) (see Fig. 1). Efforts to decrease 
the antenna pigments in PS I have been made by 
detergent treatments, or by extraction with organic 
solvents as reviewed by I. Ikegami et al. (2000) and 
Itoh et al. (2001). The treatment with Triton X-100 
can reduce the antenna Chl/P700 ratio to 30, however, 
with complete loss of the iron sulfur centers, while the 
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extraction of lyophilized PS I with ether containing 
a few percent of water or acetaldehyde decreases the 
ratio to as low as 9 (Fig. 5) with the functional three 
iron sulfur centers (Ikegami et al., 1995). 

In intact PS I-RC, fluorescence is mainly emit- 
ted from the antenna Chls and mostly from the 
long wavelength Chls at 77K as shown in Figs 2-4. 
The long-wavelength Chls, however, are already 
extracted and absent in diethyl ether-extracted PS I. 
PS I extracted with diethyl ether (containing a trace 
of acetaldehyde ) has 9 Chi/ P700 ratio, as seen from 
its absorption spectrum in Fig. 5 (Ikegami et al., 
1995). Some Chls (I. Ikegami et al., 2000) and the 

A, phylloquinone that are extracted by this treatment 
can be reconstituted to the proper position (Itoh and 
Iwaki, 1989; see Itoh et al., 2001). 

B. Fast Electron Transfer from A 0 to A 1 in Par- 
allel with the Energy Transfer 

The ether-extracted PS I-RCs with a ratio of 1 1-13 
Chl/P700 were shown to give charge separation be- 
tween P700 and A 0 with an apparent time constant 
of 9 ps upon nonspecific excitation (Kumazaki et 
al., 1994a, b, 1997). The RC lacks carotenoids and 
phylloquinone, so that the fast re -oxidation of A 0 ~ is 
stopped and it can be recovered only after the recon- 
stitution of phylloquinone (Kumazaki et al., 1994b) 
or various quinone analogs (Iwaki et al., 1996). 

The re-oxidation rate ofA 0 varies widely depend- 
ing on the redox potential values of reconstituted 
quinones (or quinonoids) at the A; site (in other 
words, with a Gibbs free energy difference -AG° 
value of the reaction) as shown in Fig. 6. Asym- 
metrical bell shaped dependency of the rate versus 
AG° over a wide ( 1 . 1 e V ) range can be interpreted by 
the quantum mechanical expression of the Marcus 
electron transfer theory (Iwaki et al., 1996). From 
the simulated curve, the re-organization energy value 
(},) of this reaction was estimated to be 0.35 eV This 
value exactly matches the -AG° value of the reaction 
between A 0 and the intrinsic phylloquinone indicating 
that the natural system is optimized to give the fastest 
reaction rate. The reorganization energy Ck) value is 
about a half of that estimated for the reaction between 
bacteriopheophytin and Q A ubiquinone in type-II RC 
of purple bacteria (Gunner and Dutton, 1996). The 
results indicate that the A 0 to A, electron transfer rate 
is optimized to give the fastest (23 ps)reaction time 
through the adjustment of its k value in the course of 
evolution (protein modifications) of type-I RC. This 
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Fig. 5. Absorption spectra at 77 K of Photosystem I-Reaction 
Center (PS I-RC) containing 9 Chi a/P700. [A] and [B], absorp- 
tion spectra under conditions of reduced and oxidized P700, 
respectively. Spinach PS I particles, derived by the digitonin- 
treatment of chloroplasts, were extracted with a mixture of dried 
ether (47.5%), water-saturated ether (47.5%) and acetaldehyde 
(5%), and then were dispersed in 50 mM Tris-Cl buffer at pH 8.0 
containing 0.02 % Triton-X and 60% glycerol. The spectrum in 
the reduced state of P700 (A) was measured in the presence of 
5 mM ascorbate; that in the oxidized state (B) in the presence of 
0.2 mM ferricyanide. Thick solid lines represent the observed 
spectra; thin lines represent the component absorption band of 
each Chi form estimated by a Gaussian deconvolution program. 
The dotted line in (A) is the same as the oxidized spectrum in 
(B). An absorption band of A () at 696 nm was estimated based 
on its difference absorption spectrum measured in this sample. 
The peaks of major component bands were also adjusted to in- 
terpret fluorescence and circular dichroism data. Insert shows the 
reduced-minus-oxidized difference spectrum of P700 (red-ox). 
Drawn after lkegami et al. (1995). 

type of optimization mechanism has also worked for 
the evolution of type II RCs. In the type-II RCs of 
purple bacteria it is known that the X value of elec- 
tron transfer reaction from bacteriopheophytin to Q A 
matches with its -AG° value of 0.7 eV; the intrinsic 
ubiquinone or menaquinone gives the highest rate 
(Gunner and Dutton, 1996). The reaction of ubiqui- 
none, though optimized as for the X value, shows a 
time constant of 200ps that is ten-times slower than 
the 23 ps reaction time between A 0 and A,. The dif- 
ference reflects the difference in the electron transfer 
distance that determines electronic coupling between 
the reactant molecules. The edge-to-edge distance 
between bacteriopheophytin and Q A was predicted 




Fig. 6. Dependence of electron transfer rate constant k on the free 
energy gap values in the reaction between the reduced primary 
electron acceptor A 0 (Chl-690) and the quinone/quinonoid com- 
pounds reconstituted at the A,-site in PS I-RC. Each filled point 
represents the rate constant between A () and each reconstituted 
compound shown in the figure in PS I preparations of 20-30 
Chl/P700. Bars indicate error ranges. Curve is drawn according 
to the quantum mechanical expression of the Marcus law with an 
estimated re-organization energy value of 0.35 eV (Iwaki et al., 
1 998). Small open circles represent results of similar reconstitution 
study done in type I I-RC of Rhodobacter sphaeroides (Gunner 
and Dutton, 1989). Modified after Iwaki and Itoh, 1996. 

to be about 2 A longer compared to that between A () 
and A, based on the available results (Iwaki et al., 
1996). The prediction was supported by the revealed 
three-dimensional structure of PS I later. 

The homodimeric type-I RC of Heliobacteria or 
Chlorobium gives a slower (700 ps) time constant for 
the rate of oxidation of A () suggesting somewhat dif- 
ferent optimization mechanisms (quinone functions 
are not yet identified in these RCs). The reason for 
the fast reaction rate between A 0 to A, in PS I-RC 
that is rapid enough to compete with the excitation 
transfer time is not clear yet. 

C. Delayed Fluorescence in Photosystem I 

The longest wavelength absorption band of the Chl- 
extracted PS I is a 692 nm peak of P700 at 283 K 
(the peak of P700 shifts to the shorter wavelength 
due to the extraction of Chls). This band is bleached 
upon the oxidation of P700 (Fig. 5). Its peak shifts to 
695 nm on cooling to 77 K. On the other hand, this 
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preparation gives fluorescence bands in the 670-700 
nm region and the longest wavelength band has a peak 
at 694 nm at 283 K. This band disappears in parallel 
with the oxidation of P700 and shifts its peak from 
694 to 702 nm in parallel with the red shift of P700 
absorption peak from 692 to 695 on cooling to 77 K 
(Iwaki et al., 1992). It is, therefore, concluded that 
the 694 nm fluorescence band represents fluorescence 
from P700 (Iwaki et al., 1992). 

Figure 7 shows the fluorescence decay measured 
in the PS I-RC complex with 1 1 Chl/P700 at 77K 
(Itoh and Iwaki, 1988). The fluorescence measured 
in the presence of ascorbate, to pre-reduce P700, 
showed decay with time constants of 2 ns and 30 
ns. respectively, at 77K. The long 30 ns component 
represents delayed fluorescence of P700. The 702 
nm peak of delayed fluorescence indicates its pro- 
duction from the first single excited state of P700, 
which is re-populated by the charge recombination 
between P700 and A 0 that is known to occur with 
a 30 ns time constant at 77K when detected by the 
absorption change of P700 + or A (J in the absence of 
phylloquinone (Kumazaki etal., 1994a). Reconstitu- 
tion of phylloquinone or menaquinone into the A, site 
restores rapid electron transfer from A„ to A, ( Iwaki 
and Itoh, 1989; Kumazaki etal., 1994b; Iwaki etal., 
1 996 ) and suppresses delayed fluorescence, as shown 
in Fig 7. Fast transient absorption studies showed that 
excitation equilibration occurs within 1 ps and that 
the excitation energy flows into P700 in 10-50 ps 
at room temperature (Kumazaki et al., 1997, 2001; 
also see Fig. 1C). 

Various artificial quinones, including non-quinone 
compounds, were shown by spin-echo EPR ( Iwaki et 
al., 1 998 ) to bind at the A, site properly. They restore 
the A, function and suppress delayed fluorescence 
(Itoh and Iwaki, 1988). Theelectron transferrate from 
A ( ; to A, (phylloquinone) and the apparent rise time 
of P700' (or decay of excited Chls) are 23 ps and 8 
ps, respectively, in the phylloquinone-reconstituted 
PS KKumazaki etal., 1994b; Iwaki et al., 1996). On 
the other hand, time constants for the P700 oxidation 
and decay of A 0 were reported to be 21 and 20 ps, 
respectively, (Hastings et al., 1994a, 1994b), or 20 
and 13 ps, respectively, (Savikhin et al., 1999, 2000, 
2001 ) in 100 Chl/P700 PS I preparations under low 
(annihilation-avoiding) excitations. In the PS I with 
antenna Chls, therefore, the apparent formation rate 
of P700 A,, state is limited by the energy transfer rate 
from the antenna Chls so that the accumulation of 
P700"A„ state and the yield of delayed fluorescence 
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Fig. 7. Decay time courses of prompt and delayed fluorescence 
of P700 in the 1 1 Chi o/P70() spinach PS I particles at 77 K. (A). 
Time course of the emission intensity of the laser (laser) and 
fluorescence of Chls in the P700-reduced (red) and oxidized 
(ox) conditions are plotted against delay time after the laser 
excitation. (B) and [C]. Time-resolved spectra of prompt and 
delayed fluorescence measured at 0 and 50 ns after the peak of 
laser excitation, measured under P7(X)-reduced (red) and oxidized 
(ox, broken lines) conditions. C is delayed fluorescence. Vertical 
bars indicate the units of fluorescence intensity. Notice that the 
intensity of the 50 ns-delayed fluorescence depends on the redox 
state of P700 and gives a peak at 702 nm. The RC preparation was 
suspended inTris-Cl buffer, pH 7.0, 60% glycerol in the presence 
of 5 mM ascorbate (red), or 1 mM potassium fcrricyanide (ox). 
The fluorescence spectrum was measured at varied times after 
excitation with a 1 0 ns, 532 nm Nd-YAG laser of nearly saturating 
intensity by an image-intensifler-gated photodiode array system 
that is set at the exit of a 30 cm monochromator. Re-drawn after 
Itoh and Iwaki (1988). 

is rather low due to the faster disappearance of A 0 . 
It is, therefore, concluded that the extraction of Chls 
and phylloquinones enabled fast accumulation and 
stabilization of the P700'A„ state, and increased the 
chance of the reversed reaction to produce delayed 
fluorescence. If P700 is pre-oxidized no delayed 
fluorescence was detected as expected ( Fig. 7). 

Photosystem II. and to a lesser extent, purple 
bacterial RCs (type II RCs) give strong delayed fluo- 
rescence (also called delayed light emission) by the 
charge recombination reactions at the efficiencies of 
10 3 to 10 _6 (Chapter 13,TyystjarviandVass). In PS I, 
on the other hand, P700 emits delayed fluorescence 
only after the extraction of phylloquinone (Itoh and 
Iwaki 1 988 ).The long most antenna Chls are reported 
to emit delayed fluorescence under extremely reduc- 
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ing conditions in ordinary PS I or in Heliobacteria 
(Kleinlierenbrink et al., 1994). Kleinherenbrink et 
al. (1994) estimated the energy difference of 0.18 
eV between the relaxed primary radical pair and the 
excited antenna that emits the delayed fluorescence 
at room temperature (or 0.25 eV for P700*). The 
existence of strong delayed fluorescence at 77 K 
in the Chi-depleted PS I (Fig 7), on the other hand, 
suggests existence of an energy level with a smaller 
energy difference. The mechanism of PS I delayed 
fluorescence remains to be elucidated. 



V. Photosystem I with Chlorophylls Other 
than Chlorophyll a 

A. A New Organism, Acaryochloris marina, 
that Uses Chlorophyll d as a Major Pigment 

Cyanobacteria and plants use Chi a as their major 
antenna pigment together with a dimer of Chi a as 
the ‘special pair’ P680 in PS II, and a heterodimer 
of Chi a and its stereoisomer Chi a ' as P700 in PS I- 
RC (Kobayashi et al., 1988; Jordan et al., 2001), 
respectively. The peak excitation wavelength cor- 
responding to the first singlet excited state of P680 
is at 680 nm, whereas that for P700 is at 700 nm. 
Anoxygenic photosynthetic bacteria, on the other 
hand, use BClil g, BChl a or BChl b as core antenna 
pigments and special pairs. Chlorophylls have chlorin 
rings and absorb at 600-700nm, while BChls have 
bacteriochlorin rings and absorb at 800-960 nm (Fig. 
8). A distinct gap of quantum energies used by the 
oxygenic and anoxygenic photosynthetic RCs has 
long been a matter of discussion in relation to the 
evolution of photosynthesis. 

A newly discovered cyanobacteria-like marine 
organism Acaryochloris marina (Miyashita et al., 
1996), however, contains Chi d, a pigment that 
functions both as antemia and as special pair named 
P740, in isolated PS I-RC (Hu et al., 1998; see Fig 
8). Chlorophyll d absorbs at 700-740 nm (Miyashita 
et al., 1997), a wavelength range that is intermedi- 
ate between those absorbed by Chls and BChls. A 
comparison of absorption bands of core antenna 
and absorption changes of special pair pigments in 
the isolated type-I RCs (plant PS I, PS I of A. ma- 
rina, anoxygenic Heliobacteria and Chlorobinm) is 
shown in Fig. 8, along with the chemical structures 
of contained Chls. 

PS II -RC of A. marina has not been purified yet so 



that the chemical identities of the PS II special pair 
and electron acceptors are unknown; this organism 
also contains 5- 10% Chi a and a trace of a Chi c -like 
pigment in isolated thylakoid membranes (Miyashita 
etal., 1997). Chlorophyll d contributes to PS II oxy- 
gen evolution as major antemia, produces ns-prompt 
fluorescence (Mimuro et al., 1999, 2000) and emits 
ms-delayed fluorescence (Itoh et al., 2002). Gene 
analysis of RC polypeptides of PS I and II indicated 
amino acid sequences to be highly homologous to 
those in plants and cyanobacteria (H. Miyashita, 
personal communication; K. Uzumaki, M. Ishiura, 
M. Komura, and S. Itoh, unpublished) suggesting 
that pigments in these RCs can be replaced with a 
slight modification of amino acid residues in the RC 
polypeptides. 

The PS I complex isolated from A. marina contains 
Chls d and a in a molecular ratio of 140:1. Upon 
laser excitation, the oxidation of a special pair of 
Chi d (P740) is detected around 740 nm (Fig.8). 
The midpoint oxidation-reduction potential (E m ) of 
P740/P740 + is determined to be +3 55 mV (NHE), and 
is 100-130 mV more negative than that of P700 (Hu 
et al. 1998). Photon energy at 740 nm corresponds to 
1.68 eV that is lower by 0.1 eV than 1.77 eV at 700 
nm (P700). Thus, the reducing power of P740* can 
be similar to that of P700*, since the more negative 
E m of P740 will compensate for its lower excitation 
energy. The photo-reduction of the terminal acceptor 
FeS clusters measured by ESR was also similar to 
those in cyanobacterial PS I (Itoh et al., 2002). There- 
fore, the A . marina PS I uses Chi d both for antenna 
and its special pair P740, and has electron acceptors 
almost equivalent to those in the Chi a-based PS I of 
plants and cyanobacteria. 

B. Fluorescence of the Acaryochloris marina 
Photosystem I with Antenna Chlorophyll d 
and P740 

Fluorescence, at 77K, of A. marina PS I-RC that 
was purified according to Hue et al. (1998) is shown 
in Fig. 9. The wavelength-time image indicates that 
fluorescence is emitted from Chi d. Another striking 
feature of the image is that the fluorescence peak 
resides always at 727 nm and shows no shift to the 
longer-wavelength side (compare with spinach PS I 
in Fig. 4). The 727 mil fluorescence band seems to be 
emitted by a 720 nm absorption band of Chi d. Intact 
cells of A. marina show no long wavelength absorp- 
tion and fluorescence bands (Mimuro et al., 1999, 
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Fig. 8. Comparison of absorption spectra of type- 1 RCs of oxygenic and anoxygenic photosynthctic organisms (upper panel) and difference 
spectra of their primary electron donors (middle panel). Absorption spectra of the Chi ^-containing spinach PS I-RC, Chi ^-containing 
PS I-RC of A marina , BChl ^-containing Heliobacteria RC, and BChl a-containing Chlorobium RC. Light-induced difference absorp- 
tion spectra of P700, P740, P800 and P840 of these RCs are also indicated below. Amplitudes of absorption and difference spectra were 
normalized to be the same for the sake of comparison. The PS I-RC preparation of A marina contains 140 Chi d\ 1 Chi a: 1 photoactive 
P740 (Hu et al. 1998). Molecular structures of Chls and BChls are also shown (lower panel). Drawn after Hu et al. (1998), Oh-oka et 
al (1995) and Itoh et al. (2001). 



2000). Therefore, it seems that the A. marina PS I 
lacks the long wavelength form of Chi d. Kumazaki 
et al. (2002) analyzed the fs-to-ps transient absorp- 
tion changes in this RC and indicated that the energy 
equilibration is almost completed within one ps and 
there is no excitation transfer step equivalent to the 
one from the short- to long-wavelength Chi a forms 
seen in the ordinary Chi a-based PS I-RCs. The high 
homology of amino acid sequences suggests that the 
structure of A. marina RC is very similar to that of 
cyanobacterial PS 1-RCs, i.e., each Chi d resides in 
almost similar binding site in the PsaA/PsaB core 



polypeptides as Chi a in PS I of the other organisms. 
A small difference in the pigment binding site due 
to amino-acid replacement or a difference between 
the electronic states of Chi d and Chi a seem to be 
responsible for the apparently different energy trans- 
fer processes. A. marina PS I has, thus, indicated that 
pigments in the PS 1-RC can be replaced somehow 
without significant change in the RC structure, pre- 
serving the essential functional ability to provide 
fast energy transfer (Kumazaki et al., 2002) and to 
reduce NADP\ 

The high flexibility of cyanobacterial PS I-RC 
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Fig. 9. Wavelength-time two-dimensional fluorescence imaging 
ol'pun lled/t. marina PS I complex at 77K. [A]. Two-dimensional 
fluorescence image. [B]. Time resolved fluorescence spectra at 
indicated times. Conditions for the measurement was similar 
to those in Fig 4. except that the A. marina PS 1 complex was 
purified according to Hu et al. (1998) and w'as suspended in 
a medium containing 40 mM Tris-Cl buffer, pH 7.5 (S. Itoh. 
unpublished). 

shown in A. marina seems to be in line with the 
incorporation of Chi b into PS I-RC after the in- 
troduction of the Chi /^-biosynthesis gene cao into 
cyanobacteria (Satoh et al., 2001). Upon the more 
extensive production of Chi b, multiple Chi a bind- 
ing sites in RC and antenna complexes in PS II in 
cyanobacteria were occupied by Chi /; (H. Xu et al 
200 1 ). Chlorophyll a of special pairs P680 and P700, 
were not replaced by Chi b in these artificial Chi b 
introduction to cyanobacteria. On the other hand, it 
is well known that PS 1 and II RCs bind Chi a almost 
exclusively in algae and plants that also have high 
contents of Chls b, cord in antenna complexes. It is, 
therefore, suggested that the natural Chi </-based RCs 
of A. marina is established through suitable modifica- 
tions of protein structure to be compatible with the 



functional features of Chi d. The studies of artificial 
and natural Chi modifications may provide us a clue 
to understand the evolutionary path to the oxygenic 
photosynthesis that use Chi a (and Chi d), absorbing 
red light, from the anoxygenic ones that use BChl a 
or BChl g, absorbing near far red light. 

A requirement common for all the type I RCs is the 
generation of reducing power that is strong enough 
to reduce NADP , or NAD . This is accomplished by 
the fine adjustment of oxidation reduction midpoint 
potential ( E m )of each special pair, even with different 
energy of absorbed photons as discussed by Itoh et al. 
(200 1 ). The E m values and quantum energies of light 
at the absorption peak wavelength of special pairs 
of type-I RCs are +450 mV and 1770 meV in P700 
(Chi a/Chl a ' dimer in plants and cyanobacteria), 
+340 mV and 1.74 eV in P740 (Chi d dimer in A. 
marina >. +300mV and 1600 meV in P800 (BChl .if 
dimer in Heliobacteria) and +260 mV and 1 500 meV 
in P840 (BChl a dimer in Chlorobium tepidum), 
respectively. The lower the photon energy, the more 
negativ e the E m of the special pair. In every case the 
excited special pair produces almost similar reducing 
power values at around -1300 mV that is sufficient to 
reduce Chi a type A„ molecules as discussed previ- 
ously by Itoh et al (2001 ). 



VI. Concluding Remarks 

A feature common for all the PS I -RCs seems to be 
the low sensitiv ity of PS I fluorescence to the redox 
state of the electron transfer cofactors, though the 
PS I fluorescence of Spirulina platensis that has 
an extremely long wavelength fluorescence band at 
758 nm is sensitive to the P700 redox state (Shubin 
et al., 1991, 1992 Karapetyan et al. 1997, Koehne 
and Trissl 1998). The low fluorescence yield might 
partly be related to the extremely fast decay rate of 
the radical pair P700 + A o state by the re-oxidation by 
phylloquinone since the extraction of phylloquinone 
produces strong delayed fluorescence that is sensitive 
to the redox state of P700 (Itoh and Iwaki, 1988). 

Photosystem I emits strong long-wavelength fluo- 
rescence that develops especially at low temperature. 
This feature seems to originate from the very fast and 
efficient energy transfer in the RC that bears large 
number of core antenna Chls, densely packed around 
the central electron transfer moiety as seen in Fig. 1 . 
The structure seems to be common for all the type I 
RCs. The long wavelength Chls that may represent 
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the interacting antenna Chls in specific local environ- 
ments (Damjanovic et al., 2002) can accumulate the 
excitation energy and give it back to P700. It slows 
down at low temperature as discussed in many studies. 
The three-dimensional structure of the RC now can 
be a new tool for the theoretical and experimental as- 
signment of their identity and locations. On the other 
hand, some species like Gleobacter and A. marina 
lack the long wavelength Chls suggesting that these 
bands might have evolved adaptively for species 
that live in high population densities (Trissl, 1993; 
Rivadossi et al.1999). This also may be the reason 
for the absence of remarkable long-wavelength bands 
in the anoxygenic type-I RCs of Heliobacteria and 
Chlorobium that bear less than 50/RC. 

Low yield of delayed fluorescence in PS I, as 
well as in other type-I RCs, also makes a contrast to 
the strong delayed fluorescence in type II RCs. The 
extraction of A,-phylloquinone from PS I (Itoh and 
Iwaki, 1988) or the extremely reducing conditions 
(Kleinherenbrink et al.1994), on the other hand, re- 
versibly enhances delayed fluorescence. These results 
indicate that one of the most significant features of 
the primary photochemistry of PS I-RC resides in 
its rapid electron transfer rate between A 0 and phyl- 
loquinone with an optimized small free energy gap 
(Iwaki et al., 1996). This is in clear contrast with 
the slower reaction between bacteriopheophytin a 
and quinone Q A with a larger free energy gap of 0.6 
eV in the purple bacterial type II RCs (Gunner and 
Dutton, 1989). Quinone functions are, however, not 
identified yet in the anoxygenic type I RCs of he- 
liobacteria and green sulfur bacteria; they may have 
a somewhat different electron transfer mechanism 
(Hauska et al., 2001). 

A question, still remaining in the PS I-RC study, 
is how to characterize the roles and the features of 
individual Chls and carotenoids that exist in the large 
PS I-RC structure. For instance, assignment of the 
spectral features of six Chls in the central electron 
transfer domain is still incomplete. The ether-extrac- 
tion method provided a preparation of nine CM/P700 
PS I in a fully photoactive state. This preparation 
seems to contain the six core Chls judging from its 
efficient charge separation property. However, as- 
signments of Chls other than P700 and A 0 are still 
highly tentative even in this preparation (Ikegami et 
al.,2000; Itoh etal., 2001). Site-directed mutagenesis, 
combined with modern technologies such as fluores- 
cence lifetime measurements or micro-spectroscopy 
analyses as shown in this chapter, will certainly be 



powerful tools in conjunction with knowledge of the 
molecular structure. It seems also valuable to study 
tlie structure-function relationships of the type-I reac- 
tion centers as well as, hopefully, to discover newer 
species with unexpected RC features. 

Surprisingly, the function of PS I-RC can be fully 
conserved even after the full natural replacement 
of Chi a molecules by near-far-red absorbing Chi d 
as found in A. marina PS I with a slight change of 
protein moiety. The quantum energies absorbed by 
Chi d molecules at 700-740 nm are intermediates 
between those absorbed by Chi a in all the other 
oxygenic photosynthetic organisms and by BChls 
in the anoxygenic bacterial RCs. The flexibilities of 
type-I (as well as type-II) RCs seem to be enabled 
by the fine-tuning of the redox potentials of the 
special pairs. Redox midpoint potentials of special 
pair Chls are more negative in the RCs absorbing 
longer wavelength light both in the lines of type-I 
and type-II RCs. The shifts apparently compensate 
the shortages of free energies produced by the charge 
separation in RCs that absorb different color light. The 
mechanism seems to enable almost constant output 
of the reducing power (Itoh et al., 2001). Photosyn- 
thetic RC machineries, thus, seem to be developed 
just to reduce quinones in type II RCs, or to reduce 
ferredoxins in type-I RCs. This may be one of the 
most attractive part in the evolution of photosynthetic 
RCs as well as the reason for the low fluorescence 
yield in PS I that is an all-in-one RC containing the 
large antenna as well as electron transfer cofactors 
on the one complex. 
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Summary 

The remarkable productivity of the higher plant photosynthetic apparatus can often be matched by its sensitiv- 
ity to photodestruction, particularly under environmental stress. Thus, plants have evolved mechanisms for 
down-regulation which safely dissipate excess solar energy. The most important of these processes, the ones 
that lead to non-photochemical quenching (NPQ) of antenna excitons, are triggered by acidification of the lu- 
men via ApH changes that are a part of light-driven transthylakoid proton motive force (pmf). The relationships 
between ApH and NPQ, as well as between electron transfer and ApH, are not well understood. Furthermore, 
it has become clear that the sensitivity of this down-regulatory system needs to be modulated in response to 
varying environmental and physiological conditions. In this chapter, we explore the magnitude of ApH, and 
its relationship to total pmf, electron transfer and down-regulation. Several mechanisms can alter these rela- 
tionships over the short-term (minutes to hours), including: 1) alterations in the relationship between lumen 
pH and NPQ, 2) alterations in the H + /e“ stoichiometry for linear electron flow, 3) changes in the topology of 
electron transfer, 4) changes in the proton conductivity of the ATP synthase, and 5) change in the partitioning 
of pmf into ApH and Arp. Evidence for or against each of these, as well as their implications for the response 
of plants to their environments, is discussed and a general model is proposed. 



I. Introduction 

Chlorophyll (Chi) a fluorescence yield is determined 
by the rates of photochemical and non-photochemical 
quenching (NPQ) processes which dissipate excita- 
tion energy (Yamamoto et al., 1999; Chapter 18, 
Krause and Jahns; Chapter 19, Bruce and Vasil’ev; 
Chapter 20, Golan et al.; Chapter 21, Gilmore; and 
Chapter 22, Adams and Demmig-Adams ). These, in 
turn, are largely governed by the interplay between 



electron transfer reactions and down-regulatory 
processes, which are initiated by the products of 
electron transfer-coupled reactions. Down-regulation 
is necessary to prevent photodamage to the reaction 
centers, but it also affects the yield of Chi a fluores- 
cence, providing a basis for its analysis. We will argue 
here that the relationship between electron transfer 
and down-regulation must be flexible to protect the 
photosynthetic apparatus under the wide range of 
environmental conditions under which photosynthesis 



Abbreviations: CEF cyclic electron flow; CEF1 - cyclic electron flow involving PS I; Chi - chlorophyll; Cyt - cytochrome; ECS - 
electrochromic shift; ECS ss - the extent of steady-state light-induced ECS; ECS t - the extent of change in ECS upon a rapid light-dark 
transition; EPR - electron paramagnetic resonance; ETC - electron transport chain; Fd - ferredoxin; gf the conductivity of the 
thylakoid membrane to protons, predominantly attributable to the activity of the ATP synthase; H + /e~ - the stoichiometry of protons 
translocated to the thylakoid lumen per electron; ISP - the ‘Rieske’ iron-sulfur protein; ISP b - the conformation of the ISP that brings 
the 2Fe2S cluster into contact with the Q 0 site; ISP C - the conformation of the ISP that brings the 2Fe2S cluster near the Cyt c/Cyt f 
hemes ; LEF - linear electron flow between Photosystems I and II, intermediated by the cytochrome b 6 /complex; LHC - light harvesting 
complex; n - the stoichiometry of protons translocated through the ATP synthase per ATP produced; NDH -NAD(P)H-dehydrogenase, 
also called, NAD(P)H-plastoquinone reductase; NPQ non-photochemical quenching of excitation energy in the PS Il-associated an- 
tenna; NQNO - 2-n-nonyl-4-hydroxyquinoline N-oxide; OEC - oxygen evolving complex; P680 - the primary electron donor in PS II; 
PC - plastocyanin; P, - orthophosphate; pmf - proton motive force; PQ plastoquinone; PQH 2 - plastoquinol or plastohydroquinone; 
PR - plastoquinone reductase; PS - photosystem; q E pH and energy dependent component of NPQ; Q i the quinone reductase site 
of the Cyt b 6 f complex; Q 0 - the quinol oxidase site of the Cyt b 6 f complex; SOD - superoxide dismutase; VDE violaxanthin de- 
epoxidase; WWC - water- water cycle or Mehler peroxidase reaction 
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must operate. The goal of this chapter is to explore 
the molecular basis of this flexibility. 



II. A ‘Static’ Model for Photosynthesis and 
Down-regulation 

A. Electron and Proton Transfer Reactions 

In chloroplasts, light is captured by a set of light 
harvesting complexes (LHCs) that funnel energy into 
reaction centers, Photosystem (PS) I and PS II (Fig. 1 ) 
(see review in Ort and Yocum, 1996). Special chlo- 
rophyll molecules in these photosystems are excited 
by light energy, allowing an electron on them to be 
transferred through a series of redox carriers called 
the electron transfer chain (ETC), from the oxygen 
evolving complex of PS II (which oxidizes H 2 0 and 
releases 0 2 ; Diner and Babcock, 1996), through the 
cytochrome (Cyt) b 6 f complex, and finally through 
PS I (Malkin, 1996), which transfers electrons to 
ferredoxin (Fd), which in turn reduces NADP + to 
NADPH (Knaff, 1996). This electron flux is coupled 
to the ‘pumping’ or ‘shuttling’ of protons across 
the thylakoid membrane, thereby establishing an 
electrochemical potential of protons, or proton mo- 
tive force (pmj), that drives the synthesis of ATP by 
chemiosmotic coupling (McCarty, 1996). In this way, 
the energy-containing substrates ATP and NADPH 
are formed for subsequent use by the Calvin-Benson 



cycle and other biochemical processes (Leegood et 
al., 2000; Aro and Andersson, 2001). 

It is generally accepted that, for each electron 
transferred through the linear pathway, one proton is 
released into the lumen at the level of water splitting, 
another is transported across the thylakoid membrane 
by the reduction of plastoquinone (PQ) at the PS II 
Q b site and the reoxidation of plastoquinol (PQH 2 ) at 
the quinol oxidase (Q 0 ) site of the Cyt ^/complex 
and a third proton is translocated, at least under some 
conditions (see below), by the turnover of a Q-cycle 
associated with the oxidation of plastoquinol at the 
Cyt b 6 f complex. 

B. Importance of Photoprotection 

The photosynthetic apparatus must be well regulated 
to prevent over-excitation of the photosystems, which 
can lead to photoinhibition (or photodestruction) of 
the photosynthetic machinery (see review in Ander- 
son and Barber, 1996; Kramer and Crofts, 1996; and 
Chapters 1 8, Krause and Jahns; 22, Adams and Dem- 
mig-Adams; and 23 Tevini). There is strong evidence 
that photoinhibition can result from hindering the 
reactions of the oxygen evolving complex (OEC), 
leading to the formation of highly oxidizing and reac- 
tive species (Styring et al., 1990). This ‘donor side’ 
photoinhibition is exacerbated by low lumen pH that 
results from proton pumping (Krieger and Weis, 1 993 ; 
Spetea et al., 1997). On the other hand, substantial 




between lumen pH and 
NPQ? 

Fig. 1. A membrane model of oxygenic photosynthesis in higher plant chloroplasts, with emphasis on the processes that may modulate 
the sensitivity of antenna down regulation. See list of abbreviations for meanings of the symbols, and text for a detailed description. 
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and prolonged reduction of certain components of 
the electron transfer chain, sometimes referred to as 
‘over-reduction,’ can lead to ‘acceptor side ’ inhibition 
at two separate points. If Q A , the primary quinone 
acceptor of PS II, becomes over-reduced, it forms 
a stable plastoquinol (PQH 2 ), which cannot accept 
further electrons. PS II centers blocked in this way 
tend to produce Chi triplet states, which can interact 
with 0 2 to form the toxic singlet oxygen (‘0 2 ). There 
is also evidence that ‘over-reduction’ can lead to dam- 
age of PS I reaction centers, likely via the formation 
of reactive oxygen species (Havaux and Davaud, 
1994; Sonoike, 1996a, b, 1999; Ivanov et al., 1998; 
Tjus etal., 1998). 

C. Proton Gradient Plays a Central Role in 
Photoprotection 

Over the minutes-to-hours time scale, photoinhibition 
is prevented by a series of down-regulatory processes 
that limit the number of excitons reaching the PS II 
reaction centers, processes collectively known as 
non-photochemical quenching (NPQ) (see reviews 
in Demmig- Adams and Adams-III, 1992, 1996; 
Horton etal., 1996; Wentworth etal. ,2000; Chapters 
18, Krause and Jahns; 21, Gilmore; and 22, Adams 
and Demmig- Adams). It is generally accepted that 
the primary mechanisms for accomplishing this are 
the xanthophyll cycle and subsequent membrane 
energization-activated NPQ, either at the level of 
the antenna or of reaction centers (see below). Both 
of these processes are activated by acidification of 
the lumen (Demmig- Adams and Adams-III, 1992; 
Owens, 1996; Yamamoto and Bassi, 1996). In turn, 
these processes protect the photosynthetic appara- 
tus from over-excitation by harmlessly converting 
absorbed light energy into heat. At full sunlight, 
limited capacity for assimilatory processes, coupled 
to the carbon reactions, can result in a large fraction 
of absorbed light being shunted to heat. Another 
process, the so-called state transitions, responds 
to the redox state of the plastoquinone pool and is 
thought to balance the relative excitation of PS I and 
PS II (see recent reviews in Allen and Pfannschmidt, 
2000; Allen and Forsberg, 200 1 ; Finazzi et al., 200 1 ; 
Haldrup et al., 2001; Kruse, 2001; Chapters 17, 
Allen and Mullineaux; and 26, Papageorgiou and 
Stamatakis). State transitions will not be extensively 
covered here, but it is important to note that they will 
be directly and indirectly affected by other processes 



that regulate or control electron transfer since they 
are modulated by changes in the redox state of the 
plastoquinone pool. 

D. Potential for Catastrophic Failure of the 
Down-regulatory Systems and the Need for 
Flexible Down-regulatory Systems 

The model described above is static, in that the 
relationships between electron transfer, pmf and 
NPQ are assumed, by such a model, to be constant. 
At first glance, such a static model for pH-driven 
down-regulation can adequately explain, at least 
qualitatively, the regulatory behavior of the light 
reactions. Increasing light intensity would accelerate 
photosynthetic electron transfer and, thus, progres- 
sively acidify the lumen, in turn initiating feed-back 
regulation via NPQ. 

However, this simple view cannot account for the 
modulation of down-regulatory sensitivity that is 
needed to respond to rapidly changing environmen- 
tal conditions. Previous measurements showed only 
small (ca. two-fold) in vivo changes in chloroplast 
[ATP]/[ADP], [NADPH]/[NADP + ] or assimilatory 
power, upon altering [C0 2 ] (Dietz and Heber, 1984), 
or light intensity (Siebke et al., 1990). It is implied 
by these studies that the light reactions and/or the 
dark reactions of the Calvin-Benson cycle are tightly 
regulated to effectively maintain constant [ATP] and 
[NADPH] levels. They also imply that ‘thermody- 
namic’ feedback, where buildup of AG_, TP (as pmf) 
slows proton efflux from the lumen, likely does not 
occur in vivo. Thus, thermodynamic constraints im- 
posed by adenylate status probably do not significantly 
alter regulatory sensitivity (see also below). 

In addition, Heber and Walker (1992) and Asada 
(1996) have pointed out that a simple static model 
should be prone to catastrophic failures under condi- 
tions where the biochemical demand for ATP exceeds 
that for NADPH. In this case, the electron transfer 
chain may become over-reduced before the lumen can 
be sufficiently acidified to initiate NPQ. If electron 
transfer becomes limited by the lack of PS I electron 
acceptors, electron transfer-mediated proton pump- 
ing would be attenuated, easing NPQ and increasing 
photochemical yields. In principle, this would lead 
to increased excitation pressure at the PS II reaction 
center, promoting photoinhibition. The destruction 
of photosystems as a result of extended reduction 
would further exacerbate the problem. 
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E.A Demonstration of Variable Short-term 
Sensitivity of the Down-regulatory Apparatus 

Since plants are well adapted to varying environmen- 
tal conditions, it is clear that the static model must be 
modified, giving way to one that is inherently flexible 
(Kramer et al., 2004). In this section, we present a 
simple demonstration, taken from Kanazawa et al. 
(2001) and similar to that presented in Kanazawa 
and Kramer (2002), for such down-regulatory flex- 
ibility. Figure 2 shows down-regulation estimated 
by the NPQ parameter (F M - F M ')/F M \ where F M and 
F m ' are maximal fluorescence yield values taken in 
dark-adapted and light-adapted samples, as a function 
of relative electron transfer rates (estimated by the 
light intensity multiplied by the excitation quantum 
efficiency of PS 11 and its antenna, or i ^ = i*F v /F M \ 
where F v is the saturation pulse-induced change in 
fluorescence yield) over a range of [C0 2 ] from 0 
to 400 ppm and light intensities from 45 to 1300 
pmol photons nr 2 s" 1 in wild type tobacco plants. A 
complex relationship resulted from the interplay of 
two tendencies: 1 ) When electron transfer rates were 
varied by changing light intensity at constant [C0 2 ], 
NPQ increased with increasing electron transfer. 
2) On the other hand, when electron transfer was 
varied by changing [C0 2 ] or [0 2 ], at constant light 
intensity, NPQ decreased with increasing electron 
transfer. This clearly demonstrates that the ‘static 
model’ described above is incorrect. Instead, NPQ 
is considerably more sensitive to electron transfer at 
low C0 2 /0 2 levels. 

III. Possible Mechanisms of Short-term 
Variation in Down-regulatory Sensitivity 

The remainder of this chapter will focus on the 
mechanism of the observed modulation of down- 
regulatory sensitivity. We cover five mechanisms by 
which the regulatory sensitivity could be altered (see 
also Fig. 1): 1) alterations in the relationship between 
lumen pH and NPQ, 2) alterations in the H7e stoi- 
chiometry for linear electron flow (LEF), 3) changes 
in the topology of electron transfer, 4) changes in 
the proton conductivity of the ATP synthase, and 5) 
change in the partitioning of pmf into ApH and Alp. 
Some of these mechanisms have been explored, to 
some extent, both in vivo and in vitro and we review 
the current state of the literature. Others are presently 




Fig. 2. Demonstration of a variable relationship between electron 
transfer and non-photochemical quenching (NPQ), or antenna 
down-regulation. Data from attached wild type tobacco leaves was 
taken from Kanazawa et al. (2001) and plotted as NPQ against 
relative PS 11 electron transfer, calculated from fluorescence 
parameters (reviewed in Maxwell and Johnson, 2000). Both the 
light intensity and OJC0 2 levels were altered to modulate elec- 
tron transfer rates. 0 2 /C0 2 levels were set to 20% 0 2 , 400 ppm 
CO, (completely filled circles), 20% 0 2 , 50 ppm C0 2 (half filled 
circles), 20% 0 2 , 0 ppm CO, (open circles) and 1% 0 2 , 350 ppm 
C0 2 (circles with crosses). 

being explored in our laboratories, and we present 
literature, preliminary data and analysis. 

A. Alterations in the Relationship Between 
Lumen pH and Non Photochemical Quench- 
ing (NPQ) 

One mechanism by which regulatory sensitivity 
could be modulated would be to alter the exciton 
quenching response of the LHCs to lumen pH. In a 
sense, a similar function has already been ascribed 
for the xanthophyll cycle (see Chapters 18, Krause 
and Jahns; 19, Bruce and Vasil’ev; 20, Golan et al.; 
and 2 1 , Gilmore), i.e. the conversion of violaxanthin 
to zeaxanthin increases the NPQ response to changes 
in lumen pH, though recent work has shown that these 
two processes are linked in series (Li et al., 2000). In 
addition, both the xanthophyll cycle and the subse- 
quent changes in NPQ are chiefly responsive to lumen 
pH, and thus under steady-state conditions, a static 
relationship might be expected among lumen pH, the 
xanthophyll cycle and NPQ (Gilmore et al., 1998). 
There is good evidence that long-term exposure to 
environmental stress (such as drought; Chapter 26, 
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Fig. 3. Estimation of steady-state lumen pH using intrinsic pH probes. The arrows and blocks represent the pH range over which a 
particular intrinsic probe is affected. The top row illustrates the ranges over which PS II and plastocyanin (PC') are labile. The second 
row block shows the range over which violaxanthin deepoxidase (VDE) goes from being completely inactive to completely active. The 
third row block illustrates the range over which the Cyt b 6 f complex is expected to function without hindrance. The two sets of arrows 
at the bottom indicate the lumen pi I required to activate the ATP synthase and sustain observed AG^ levels without (top set of arrows) 
and with (bottom set of arrows) contributions from At|> to transthylakoid pmf. The extent of possible A\p contribution was taken from 
Cruz et al. (2001). See text for details. 



Bukhov and Carpentier) influences the chloroplast 
contents of xanthophyll cycle components ( Demmig, 
1987; Demmig-Adams and Adams-Ill. 1992), thus 
altering the sensitivity of NPQ to electron transfer. 
Nocturnal retention of zeaxanthin may also repre- 
sent a long-term response and may involve lumen 
acidification in the dark or regulation of zeaxanthin 
depoxidase (Gilmore, 1997; Verhoeven et al., 1998; 
Ebbert et al., 2001). In this chapter, however, we 
restrict our discussion to mechanisms required to 
respond to short-term environmental challenges. 

Testing for the participation of such mechanisms 
would require good probes of the lumen pH in vivo. 
However, to date quantitative relationships between 
lumen pH and down-regulatory processes, between 
electron transfer and lumen pH, or between pmf and 
lumen pH have yet to emerge. Recent reviews by 
Kramer et al. (1999, 2003a) addressed these issues 
by asking the question: How acidic is the lumen 
during in vivo steady-state photosynthesis? Figure 
3 illustrates some of the conclusions of this review, 
showing the boundaries of lumen pH estimated by 
intrinsic probes. 



1. pH-sensitivity of Lumenal Components 

a. Effects of Lumen pH on Photosystem 
(PS) II 

The OEC of PS II is inactivated at pH below about 
pH 6, where Ca : dissociates from the OEC (Krieger 
and Weis, 1 993 ). In addition, lowering the pH from 7 
to 4.5 dramatically increases the sensitivity of PS II 
to photodamage, again by affecting the turnover of 
the OEC (Speteaetal., 1997). Likewise, plastocyanin 
( PC ) has been found to lose Cu at pH values below 5.5 
in some higher plant species (Gross et al., 1994). 

b. Effects of Lumen pH on the Cyt b 6 f Com- 
plex 

Oxidation of PQH, at the Cyt b 6 f complex is highly 
pH-dependent below about pH 6 (Stiehl and Witt, 
1 969; Karlish and Avron, 1971; Siggel, 1 976; Bendall, 
1982; Hope and Mathews, 1988; Jones and Whit- 
marsh, 1988; Kramer and Crofts, 1993; Nishio and 
Whitmarsh, 1993). On the other hand, in vivo data 
shows that, under permissive conditions, the turnover 
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rate of the Cyt b 6 f complex is constant from low to 
saturating light (Harbinson and Hedley, 1989; Laisk 
and Oja, 1994, 1995; Kramer et al., 2001), implying 
that this enzyme does not experience pH < 6 with 
large changes in rates of photochemistry. Only under 
stressed conditions is the turnover rate of the Cyt b 6 f 
complex observed to decrease substantially (Genty 
and Harbinson, 1996; Kramer et al., 2001), but only 
to an expected lumen pH of about 5.5 (Kramer et 
al., 2001). 

c. Relationship Between Lumen pH, the Xan- 
thophyll Cycle and NPQ 

Violaxanthin de-epoxidase (VDE) is the enzyme 
responsible for the pH-dependence of the xanthophyll 
cycle (Yamamoto, 1979). VDE catalyzes the succes- 
sive de-epoxidation of violaxanthi n to antheraxanthin 
and to zeaxanthin, affecting the NPQ behavior of the 
antenna complexes. The pH-dependence of VDE 
activation is steep; the enzyme is essentially inactive 
above pH 6.5 and fully active below pH 5.8 (Pfundel 
andDilley, 1993; Rockholm and Yamamoto, 1996). 
At the same time, the light-intensity dependence 
of the accumulation of zeaxanthin in intact plants 
shows that the enzyme is probably regulated over 
the entire range of photosynthetic activity (Dem- 
mig-Adams, 1992; see also review in Kramer et al., 
1999), suggesting that lumen pH falls in the range 
of about 5.8 to 6.5. 

The case of energy-dependent quenching (q E ) of 
Chi fluorescence, subsequent to the xanthophyll- 
cycle response, is more complex, having apparently 
variable relationships between electron transfer, ApH 
and NPQ (see reviews in Kramer et al., 1 999; Ivanov 
and Edwards, 2000; Bukhov et al., 2001; Kanazawa 
and Kramer, 2002; also Chapters 18, Krause and 
Jalnis; and 19, Bruce and Vasil’ev). The complex- 
ity is likely due, at least partly, to the existence of 
multiple mechanisms for this type of quenching. In 
one mechanism, exciton quenching occurs at the 
level of the PS II reaction centers. This could occur 
by low pH-induced accumulation of P680 + (Crofts 
and Wraight, 1971; Bowes and Crofts, 1981; Weis 
and Berry, 1987; Schreiber and Neubauer, 1990; 
Krieger et al., 1992; Bruce et al., 1997; Schiller 
and Dau, 2000; Bukhov et al., 2001) or of reduced 
pheophytin(Vassetal., 1992;Kirilovskyetal., 1994), 
both quenchers of Chi a fluorescence. It could also 
occur via the initiation of a rapid dissipative cycle 
of electrons around PS II (Nedbal et al., 1992). In 
the other class, quenching occurs within the PS II 



light-harvesting complexes, either by changing the 
association or conformation of antenna carotenoids 
(Horton and Ruban, 1992; Bjorkman and Demmig- 
Adams, 1994; Crofts and Yerkes, 1994; Horton et 
al., 1996), or by affecting the aggregation state of 
the antenna complexes (Foyer et al., 1990; Horton 
et al., 1991; Ruban and Horton, 1992; Mullineaux 
et al., 1993). There is some evidence to support the 
participation of reaction center quenching in vivo 
(Ivanov and Edwards, 2000; Bukhov et al., 2001 and 
references within). However, reaction center-based 
quenching mechanisms appear to contribute in vitro 
under severe, or photoinhibitory conditions (Bruce et 
al., 1997; Kramer et al., 1999). We suggest that the 
antenna-based mechanisms are activated to prevent 
the onset of conditions favorable for reaction center- 
based quenching (Kramer et al., 1999). 

Moreover, in situ probes indicate that under most 
in vivo conditions, the pH of the lumen is unlikely to 
drop below about 5.5-6, in which range it should fine 
tune the xanthophyll cycle and NPQ but not disrupt 
the function of PS II or the Cyt b 6 f complex. 

2. Participation of Arp in Steady-state pmf in 
Vivo 

If certain assumptions are made, lumen pH can also 
be estimated by the thermodynamics and kinetics of 
the ATP synthase reaction (Kramer et al., 1999). The 
relationship between AG^p and pmf at equilibrium 
will depend upon the stoichiometry of protons passed 
through the ATP synthase to ATP produced («): 

pmf= A G atp /« (1) 

With a larger value of n, a smaller pmf is needed to 
sustain a given AG ;a p (Giersch et al., 1 980). The value 
of n has been debated extensively and reevaluated 
constantly over the past decades , with estimates, based 
on direct measurements, ranging from 2 (Reeves 
and Hall, 1973; Robinson and Wiskich, 1976) to 3 
(Hall, 1976; Portis and McCarty, 1976; Witt, 1979), 
and more recently to 4 (Strotman and Lohse, 1988; 
Rumberg et al., 1990; Kobayashi et al., 1995). 

New structural and functional insights into the 
ATP synthase have suggested a different value for n. 
It is now generally accepted, as postulated by the so- 
called binding change mechanism, that protons are 
not direct participants in the ATP synthetic reaction 
but rather drive the conformational changes within 
the ATP synthase required for release of tightly bound 
ATP, the primary energy requiring step (see review in 
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Boyer, 1993). Most models propose that these confor- 
mational changes are associated with rotation of the 
smaller subunits (e and y) with respect to the cx 3 |3 , ring, 
i.e. the so-called ‘ rotational catalysis’ model (Boyer, 
1993). Compelling evidence has been presented in 
favor of such models (Sabbert et al., 1996; Noji et 
al., 1997, 1999; Zhou etal., 1997; Hasler etal., 1998, 
1999; Junge, 1999; Kato-Yamada etal., 1999; Panke 
et al., 2000; Gumbiowski et al., 2001). 

Based on three catalytic nucleotide binding sites, 
a complete 360° rotation of the small subunits with 
respect to the a 3 (3 3 ring will result in the synthesis of 
three molecules of ATP. In the most recent models, 
rotation is powered by protonation and deprotonation 
of acidic groups (on aspartate or glutamate residues ) 
in the c subunits (equivalent to subunit III in the chlo- 
roplast enzyme) of F 0 , which likely form a bundle of 
transmembrane helix-turn-helix spans, resembling 
a ring (Cross and Duncan, 1996; Engelbrecht and 
Junge, 1997; Junge, 1999). The torque generated by 
this rotation is then transmitted to F[ by a combina- 
tion of smaller subunits of both F 0 and F,. Because 
eachprotonation/deprotonation causes rotation by an 
increment of one c subunit around the F 0 ring, the 
value of n should depend upon the stoichiometry of 
c subunits per complex, i.e., n should correspond to 
1/3 the number of c subunits in the c multimer. 

Some of the first structural studies, obtained for 
the Escherichia coli system, suggested that F 0 had a 
stoichiometry of 12 c subunits per F 0 (Fillingame et 
al., 1998). However, more recent structural studies 
have shown quite convincingly that the stoichiometry 
of c subunits depends upon the organism (Stock et 
al., 1999, 2000; Muller et al., 2001; Stahlberg et al., 
2001), i.e. in plants the chloroplast enzyme must 
contain rings of 14 c subunits. With i n the context of 
the latest mechanistic models, this suggests n = A. 61. 
At first glance, it is difficult to reconcile a non-integer 
n with the scalar nature of the substrate and product, 
i.e. it would appear that fractional proton transfers 
would be required to synthesize each ATP. However, 
Cherepanov et al. (1999 ) have demonstrated that the 
torque generated by the F 0 rotor can store energy 
elastically within the complex itself, as does a clock 
spring, releasing it when required during the binding 
changes involved in ATP synthesis. Thus, it appears 
that a wide range of c subunit stoichiometries can 
function, allowing species-specific flexibility in n. 
On the other hand, it appears that, within a particular 
system, the c subunit stoichiometry is fixed (Muller 
etal., 2001), and thus n cannot be altered to modulate 



the regulatory sensitivity or ATP/NADPH output 
stoichiometries of linear electron flow (LEF). 

Assuming that all pmf is held in the form of ApH, 
as suggested by early in vitro experiments (see review 
in Cruz et al., 2001), and that the stromal pH is 7.5, 
then equilibrium with observed in vivo AG >VJ1 , levels 
should correspond to lumen pH of about 5.6 and 5.9, 
using n = 4 (from direct measurements) and n = 4.67 
(from hypothetical models), respectively (Kramer et 
al., 2003). A similar set of predictions can be derived 
from the energetic requirements for the activation of 
the ATP synthase (Hangarter and Good, 1982; Junesch 
andGraber, 1985; Kramer and Crofts, 1989; Kramer 
et al., 1999). Because the chloroplast system in the 
steady-state is demonstrably far from equilibrium 
(Giersch et al., 1980; Heber et al., 1986; Kramer 
et al., 2001), the required lumen pH would, within 
this context, be considerably more acidic than the 
5.6-5.9 pH range. 

The predictions based on ATP synthase energetics, 
assuming pm/is entirely held as ApH, are apparently 
at odds with estimates based on lumenal enzyme 
stability and function (see above). It has been sug- 
gested (Kramer et al., 1999, 2003a) that one way to 
reconcile these two would be to allow for the stor- 
age of a fraction of pmf in the form of a Arp, which 
would contribute to the formation of ATP, without 
contributing to lumen pH. In fact, as little as 30 
mV may be sufficient to account for this apparent 
discrepancy (Kramer et al., 1999). Measurements 
based on interpretation of the electrochromic shift- 
ing of carotenoids in response to Arp have shown 
that pmf can be stored as Arp for extended periods of 
time in both thylakoids and intact leaves (Cruz et al., 
2001). Estimates of the extent of Arp contributions 
to pmf under non-stressed steady-state conditions 
from these studies range from 25-60%, which is 
sufficient to produce the observed levels of AG^.p 
while maintaining a moderate lumen pH. The effects 
of the estimated Arp storage on the energy budget of 
the chloroplast are illustrated in Fig. 3 and reviewed 
in Kramer et al. (2003a), where the projected lumen 
pH required to activate the ATP synthase and sustain 
AG atp is shifted to higher values. 

3. Comparisons of NPQ and pmf in Vivo Sug- 
gest that Antenna Responses to Lumen pH 
are Constant over the Short-term 

The ECS spectroscopic techniques also allow es- 
timates of transthylakoid pmf. A parameter termed 
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ECS, which represents the total, rapid extent of 
electrochromic shift (ECS) absorbance change upon 
a rapid light-to-dark transition from steady state 
illumination should be essentially proportional to 
light-induced pmf( Cruz et al., 2001). Assuming that 
AG atp (Giersch etal., 1980; Heberetal., 1986; Gerst 
et al., 1994), and, thus, basal (or dark) pmf(C ruz et 
al., 2001) are relatively constant, ECS t should be 
related linearly to total pmf (i.e. light-driven pmf + 
basal pmf). Further, assuming a static relationship 
between lumen pH and NPQ, and a constant fraction 
of pmf is stored as ApH, ECS t should have a continu- 
ous relationship with NPQ (Kanazawa et al., 2001; 
Kanazawa and Kramer, 2002). Fig. 4 shows the data 
of Fig. 2 replotted as a function of ECS t . A relatively 
constant relationship is now observed between NPQ 
(predominantly composed of the q E component under 
the experimental conditions) and ECS t , regardless of 
whether electron transfer was varied by changing light 
intensity or [C0 2 ]. This suggests that, to a first ap- 
proximation, the relationship between NPQ and pmf 
or by extrapolation, between NPQ and lumen pH, is 
constant over the time scale of our experiments. At 
the same time, the results suggest that the relation- 
ship between electron transfer and lumen pH is not 
constant as seen under changing concentrations of 
C0 2 (see below and Kanazawa et al., 200 1 ; Kanazawa 
and Kramer, 2002). 

4. Variable Partitioning of pmf into ApH and 
Aip can Modulate Down-regulatory Sensitivity 

Kramer et al. (2001 ) have shown that, under certain 
conditions, the fraction of pmf stored as Aip may 
change with physiological status, and that this can 
result in alterations in sensitivity of pH-sensitive 
down-regulatory processes to electron and proton 
transfer fluxes, as first suggested by Cruz et al. (200 1 ). 
An example of this behavior is discussed in Kramer 
et al. (200 1 ). Control plants showed ECS decay kinet- 
ics consistent with about 50% storage of pmf as Aip. 
However, plants suddenly moved from greenhouse to 
laboratory conditions showed storage of light-induced 
/^/predominantly as ApH. In addition, the relatively 
rapid recovery of the field inversion is consistent 
with a large fraction of pmf held as ApH (Cruz et 
al., 2001). Similar results were obtained in well-ac- 
climated plants when 0 2 was lowered from 20% to 
1%, while simultaneously lowering C0 2 from 372 to 
50 ppm ( Avenson et al., 2004). Rather than observing 
a continuous relationship between ECS t , e.g. pmf 




total pmf (ECS, (AI/IX 1000)) 

Fig. 4. The relationship between proton motive force ( pmf ), and 
antenna exciton quenching (NPQ). The y-axis data was taken 
from Fig. 2, and plotted against the steady-state pmf estimated 
as in Cruz et al. (2001 ) by the extent of the electrochromic shift 
upon rapid light-dark transitions. The symbols and conditions 
are as in Fig. 2. 



and q E , as was observed upon varying only [C0 2 ] 
(above), evidence that is consistent with constant 
partitioning of/?/;/into Aip and ApH, lowering [C0 2 ] 
and [0 2 ] simultaneously resulted in a discontinuous 
relationship between ECS t and q E . These results were 
accompanied by ~two-fold more of the pmf being 
partitioned into the ApH component under the low 
C0 2 /0 2 conditions, whereas these same conditions 
resulted in a continuous relationship between q E and 
the ApH component of pmf Taken together, the data 
were interpreted as evidence for modulation of q E by 
variable partitioning of pmf rather than by changes 
in the response of q E to lumen pH. Further, but still 
tentative, support for variable partitioning of pmf 
comes from comparisons of NPQ, light scattering 
and pmf parsing (Kramer et al., 2001). 

5. Alterations in the H + /e~ Stoichiometry for 
Linear Electron Flow (LEF) 

a. In Vitro and in Vivo Measurements of 
H + !e~ Ratios 

One potential means of modulating the relationship 
between the lumen pH and electron transfer would 
be changing the ratio of proton ‘shuttling’ to LEF 
(the H'/e ratio). Indeed, the need to match ATP and 
NADPH production, or to alter regulatory sensitiv- 
ity over a range of biochemical demands, has led to 
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proposals that variable H7e~ ratios balance photo- 
synthetic output (reviewed in Kramer and Crofts, 
1993; Ivanov, 1996; Berry and Rumberg, 1999; 
Kramer et al., 1999; Sacksteder et al., 2000; Allen, 
2002). In vitro measurements of H7e“ ratios during 
steady-state LEF in isolated thylakoids showed a 
decrease from 3 to 2 with increasing light intensity 
and it was proposed that the reactions of the Cyt b 6 f 
complex were altered to bypass the normal Q-cycle 
(as reviewed in Berry and Rumberg, 1999; Cornic 
et al., 2000 ). In contrast, other experiments failed to 
detect significant rates of the specific partial reactions 
thought associated with such bypass reactions (Rich, 
1988; Kramer and Crofts, 1993; Ivanov, 1996). On 
the other hand, it was thought that the bypass reac- 
tions may occur only under special conditions, or 
may be external to the electron transfer reactions 
per se. To determine whether the H /e ratio for LEF 
was variable in vivo, techniques were developed to 
probe steady-state electron and proton transfers in 
intact systems (Sacksteder et al., 1998; Sacksteder 
and Kramer, 2000). Data from intact plants clearly 
showed that the H7e“ ratio remains constant from 
low to saturating light intensities, at least under 
non-stressed conditions (Sacksteder et al., 2000). 
Since a H7e“ ratio of 3 under low light is generally 
accepted, it was inferred that this ratio is most likely 
maintained under normal photosynthesis up to light 
saturation. More recently, it was shown that the ratio 
also remains constant with altered electron acceptor 
demands, e.g. when methyl viologen is infiltrated 
into the leaf (Kramer et al., 2001). Thus, it appears 
that a facultative Q-cycle, or other alterations in 
H7e“ ratio, do not play a significant role in alter- 
ing NADPF1/ATP production or down-regulatory 
sensitivity. This conclusion is supported by recent 
structural and functional studies on the Cyt be, and 
Cyt b 6 f complexes, as reviewed below. 

b.A Mechanistic Basis for H 7e~= 3, New Q- 
cycle Models 

The recent publication of high-resolution X-ray struc- 
tures (Yuetal., 1996, 1998;Xiaetal., 1998;Zhanget 
al., 1998; Berry et al., 2000; Gao et al., 2002; Lange 
and Hunte, 2002) of mitochondrial Cyt bCj complexes 
(which are related to the chloroplast Cyt b 6 f com- 
plex) and the Cyt b 6 f complex (Kurisu et al., 2003; 
Stroebel et al., 2003 ) has led to rapid advances in our 
understanding of these complexes. They have pro- 
vided a mechanistic basis for the continuous proton 



pumping activity of the Cyt b 6 f complex observed in 
recent experiments. We conclude that there is a good 
mechanistic basis for a constant H7e~ at the Cyt b 6 f 
complex, i.e. the Cyt b 6 f complex probably does not 
account for matching of ATP :NADPH or for variable 
sensitivities of down-regulatory processes. 

The basis for these models is reviewed here. Mi- 
tochondrial Cyt be, and chloroplast/cyanobacterial 
Cyt b 6 f complexes contain four redox-active, metal 
centers: one otype heme (Cyt /in the Cyt b 6 f com- 
plex), one Rieske-type 2Fe2S center, and two 6-type 
hemes, one of relatively low potential (Cyt b L ) and 
the other of relatively high potential (Cyt b H ) (see 
reviews in e.g. Trumpower, 1990b; Kallas, 1994; 
Hauska et al., 1996; Crofts et al., 1999a). In the 
Cyt bCj complexes, these metal centers are found in 
three proteins: the Cyt b protein, the Cyt c 1 protein 
and the Rieske iron-sulfur protein (ISP). In the Cyt 
b 6 f complex, the Cyt b protein is split into two, with 
the so-called subunit IV being homologous to the C- 
terminal portion of the Cyt be, -Cyt b protein. Many 
bacteria contain this minimal, three-protein structure, 
but higher organisms contain additional proteins 
which have poorly understood structural or regulatory 
functions (Trumpower, 1990a). The complex contains 
two quinone/quinol binding sites that, during normal 
turnover, function to oxidize ubiquinol (the Q 0 site) 
and to reduce ubiquinone (the Q, site). The Q, site 
is located in the Cyt b protein, toward the n-side of 
the membrane, i.e. the stromal side of the thylakoid. 
This site is sensitive to the inhibitor antimycin A in 
mitochondrial Cyt be,, but not in the chloroplast 
Cyt b 6 f complexes. The Q 0 site is weakly sensitive 
to compounds like 2-n-nonyl-4-hydroxyquinoline 
N-oxide (NQNO), p-methoacrylate-stilbene and pos- 
sibly valinomycin (see Klughammer and Schreiber, 
1993 and references within). The Q 0 site is housed 
at the interface between Cyt b and the Rieske ISP, 
adjacent to the p-side (the lumen) of the membrane, or 
intermembrane space. Spectroscopic data (reviewed 
in Link et al., 1993), as well as the X-ray structures, 
have demonstrated that different classes of Q 0 site 
inhibitors bind to distinct binding niches, i.e., the 
‘distal niche’ and ‘proximal niche’ (Link et al., 1993; 
Zhang, 1998). Some mechanistic models (see below) 
attribute functional importance to these niches (Crofts 
et al., 1999b see also below). 

One notable feature of both the Cyt be, and Cyt 
b 6 f crystal structures is a variation in the position 
of the ‘head’ of the Rieske ISP (Iwata et al., 1998; 
Zhang, 1998; Stroebel et al., 2003; see also Roberts 
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et al., 2004). Depending on the crystal form and the 
presence of inhibitors, the ISP can adopt alternate 
conformations, e.g. it can effectively pivot, placing 
the 2Fe2S cluster essentially in contact with the Q 0 
site or in contact with its other redox partner, Cyt c t . 
These conformations are termed here the ISP A and 
ISP C positions, respectively (Crofts et al., 1999a). 
Further evidence for ISP pivoting is provided by both 
structural and functional experiments. Such motion 
has been confirmed for a Cyt bc l complex from the 
purple bacterium Rhodobacter sphaeroides, in a 
fluorescence-quenching experiment (Crofts et al., 
1999a). Electron paramagnetic resonance (EPR) 
measurements on partially oriented samples have 
also provided support for ISP pivoting in Cyt be, 
complexes from purple bacteria and in Cyt 6c -type 
complexes from Chlorobium and Bacillus species 
(Brugna et al. , 1 999), as well as in the Cyt b 6 f complex 
from chloroplasts (Schoepp et al., 1999; Roberts et 
al., 2004). In addition, several papers have appeared 
recently that provide kinetic and mutational support 
for the involvement of ISP pivoting in Cyt be, and Cyt 
6 tf /function (Snyder andTrumpower, 1998; Heimann 
et al., 2000; Rao et al., 2000; Sadoski et al., 2000). 

The two ISP conformations led to the hypothesis 
that the ISP pivots back and forth to shuttle electrons 
between Q 0 and Cyt c, (Crofts et al., 1997, 1999a; 
Brandt, 1998). In the crystal structure with the ISP 
in the ISP A position, the 2Fe2S cluster is too far from 
Cyt Cj for rapid electron transfer (is it a matter of 
rate vs. distance, or a matter of contact?), while in 
the structure with the ISP in the ISP C position, the 
2Fe2S cluster is too far from the Q 0 site to interact 
with quinol. Pivoting of the ISP headgroup between 
the ISP and ISP C positions would resolve this problem 
by allowing the ‘substrate’ 2Fe2S cluster to interact 
both with ubiquinol at the Q 0 site and with Cyt c v In 
this way, ISP pivoting is also thought to be responsible 
for gating electron transfer to two divergent pathways 
(see below). 

The general working model for the Cyt b 6 f and 
Cyt bCj complexes in the Q-cycle was first proposed 
by Peter Mitchell, and later modified by several 
groups (see reviews Mitchell, 1975a,b; Crofts, 1985; 
Trumpower, 1990b; Brandt and Trumpower, 1994). 
The Q cycle fulfills the two functions of the Cyt b 6 f 
and Cyt bCj complexes by transferring electrons from 
the 2-electron chemistry of the ubiquinone/ubiquinol 
couple to the one-electron chemistry of soluble c-type 
Cyt, while simultaneously acting as a proton pump. 
Two protons are translocated across the energetic 



membrane for each electron transferred from quinol 
to Cyt c/f. It is noteworthy that many of the Q 0 site 
structural features, upon which the new functional 
models for the Q-cycle are based, appear to be well 
conserved between Cyt be, and the Cyt bj structures 
(Kurisu et al., 2003; Stroebel et al, 2003; see also 
Zhang et al, 1996; Ubbink et al., 1998). 

Based on the close structural homology between 
the Cyt b 6 f and Cyt be, complexes, we propose the 
following detailed protonmotive Q-cycle mechanism 
for the Cyt b 6 f complex, which takes into account 
the new structural information from the Cyt be, 
complexes . For clarity, this model is broadly based on 
those presented by Trumpower (Trumpower, 1990b), 
Crofts et al. (1999) and Ding et al. (1995a). Areas 
of controversy and alternate models are discussed 
below. 

As depicted in Fig. 5, the cycle starts with plasto- 
quinol bound to the distal niche of the Q 0 site, and 
with both the 2Fe2S cluster of the ISP and the Cyt / 
reduced (A). Work from Les Dutton and coworkers 
has suggested that two quinone/quinol species are 
bound at the Q 0 site in the Cyt be, complex, and 
catalytic models, based on this conclusion, have been 
presented by Ding et al. (1992, 1995a, b). Evidence 
consistent with a double occupancy model for the 
Cyt b 6 f complex has been reported (Roberts and 
Kramer, 2001). However, despite the fact that one of 
the Cyt bCj quinone species is predicted to be tightly 
bound, no bound quinone/quinol has been observed 
in the Cyt be, structures (Iwata et al., 1998; Zhang, 
1998), possibly due to isolation and preparation of 
the complex or crystals! Sharp etal., 1998, 1999a,b). 
For the purposes of this discussion, we assume that 
only one quinone/quinol species is bound at the Q 0 
site at any one time, but note that relatively minor 
changes in the overall scheme would be required to 
accommodate a second species. 

To initiate the Q 0 site reaction from state (A) in 
Fig. 5, Cyt / is oxidized by a soluble carrier, usu- 
ally plastocyanin (PC). In order for the oxidizing 
equivalent to reach the 2Fe2S cluster, the ISP must 
be in the ISP C position (B). ISP must then pivot to 
the ISPj position to oxidize bound plastoquinol (C). 
In mainstream models, the oxidized 2Fe2S cluster 
accepts one electron from bound ubiquinol, releas- 
ing a proton into the lumen and forming an unstable 
(i.e. reactive) semiquinone intermediate (D). The 
reduced 2Fe2S center cannot further oxidize the Q 0 
site semiquinone, since it is a one-electron acceptor. 
Furthermore, re-oxidation of the 2Fe2 S cluster by the 




262 



David M. Kramer, Thomas J. Avenson, Atsuko Kanazawa, 
Jeffrey A. Cruz, Boris Ivanov and Gerald E. Edwards 



proximal niche 



Q 0 site 



distal niche 




7 

ISP in b position 



quinone/semiquinone/quinol 
Qi site quinone.semiquinone or quinol 
oxidized/reduced 2Fe2S 
Iff oxidized/reduced cyt f 
oxidized/reduced cyt b|_ 



ISP in c position 



Fig. 5. A Q-cycle model for the Cyt /^/complex, based on recent structural and functional advances. See text for details and Kramer 
et al. (2003b). 



Cyt Cj or Cyt /heme would be hindered by the large 
edge-to-edge distance (3 1 A) imposed by the ISP^, 
position, requiring that the Rieske ISP head domain 
pivot to the ISP. position. Moreover, the only rapid 
electron acceptor available to oxidize the semiquinone 
is the low potential Cyt b heme, thus forcing electron 
flow down the low potential chain. In this way, the 
motion of the Rieske ISP head domain is thought to 
provide the gating mechanism of bifurcated electron 
flow (Crofts et al., 1997; Brandt, 1998; Crofts et al., 
1999a). 

In the Crofts et al. ( 1 999) model, the Q 0 site semi- 
quinone is deprotonated to a semiquinone anion via 
residue Glu272 of the Cyt bc t complex Cyt b protein 
which moves to the proximal niche of the Q 0 site (E). 
Docking to the proximal niche allows close contact 
with the Cyt b L heme and rapid electron transfer, 
resulting in formation of a quinone at the Q 0 site. 
Either during or just after quinol oxidation, the ISP 
pivots back to the Cyt c position, allowing electron 
transfer between the 2Fe2S and Cyt /to occur. The 
Q ( , site quinone is released into the lipid bilayer, to 
be replaced with a quinol for further turnover (F-> 
A). Meanwhile, electron transfer occurs from Cyt b L> 



through Cyt b H , and finally to a quinone/semiquinone 
or semiquinone/quinol couple (depending upon the 
number of turnovers of the Q c site) bound at the 0, 
site. For each two turnovers of the Q c site, a ubiqui- 
nol is released from the Q, site, w ith uptake of two 
protons from the stroma. 

Three alternative models for Q c site catalysis are 
noteworthy. Link (1997) proposed that the Q c site 
semiquinone is tightly bound to the reduced, but not 
the oxidized 2Fe2S center. This mutual redox -de- 
pendent binding would have the effect of raising the 
midpoint potentials of both the semiquinone/quinone 
and 2Fe2S couples when they are associated. In this 
model, the semiquinone cannot reduce Cyt b L until 
the electron on the 2Fe2S cluster is delivered to Cyt 
c, , thus ensuring a high yield of ‘bifurcated' electron 
transfer to the low r potential chain, as required for 
proton pumping by the Q-cycle. The apparent con- 
tradiction with the EPR results of Jimemann et al. 
( 1 998 ) (show ing no evidence of Q 0 site semiquinone) 
could be reconciled if the stable Q 0 site semiquinone 
interacted strongly with the reduced form of the 2Fe2S 
cluster, resulting in an EPR-silent, spin-coupled 
state. Indeed evidence has been presented for such 
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a species in the chloroplast Cyt b 6 f complex (which 
is analogous to the Cyt be, complex) in the presence 
of the redox -reactive Q 0 site inhibitor 2,5-dibromo- 
3-methyl-6-isopropylbenzoquinone (Malkin, 1981; 
Schoepp et al., 1999). 

A model by Brandt (1998, 1999) ascribes the rate- 
limiting step for Q 0 site turnover to the deprotonation 
of bound ubiquinol, with the formation of a ther- 
modynamically-stabilized (i.e. specifically bound) 
ubiquinol anion. The oxidation of the ubiquinol anion 
to form ubisemiquinone is energetically favorable, 
and not rate-limiting for normal turnover. Brandt 
(1998, 1999) further hypothesized that the ubiquinol 
anion is only formed when Cyt b L is oxidized, so that 
the intermediate semiquinone, capable of donating 
its electron to oxidized Cyt b L . is never significantly 
accumulated. 

Snyder etal. (2000)and0syczkaetal. (2004)have 
proposed models where the reactive semiquinone is 
not formed at all during normal Q-cycle turnover, i.e., 
the Q 0 site reaction proceeds via a concerted double 
electron transfer. Such models have to be modified to 
account for the observed phenomenon of superoxide 
production and other bypass reactions (Muller et al, 
2002; Kramer et al., 2003b). 

Regardless of the specific details, each of these 
models accounts well for the observed steady-state 
proton pumping by the Cyt b 6 f complex. Therefore, 
we must look elsewhere to determine the sotuxes of 
down-regulatory flexibility in chloroplasts. 

B. Changes in the Proton Conductivity of the 
ATP Synthase 

Under steady-state conditions, the fluxes of protons 
into and out of the lumen will be precisely balanced 
(Sacksteder and Kramer, 2000 ). The inward flux will 
be determined by a number of factors, including the 
light intensity, the efficiency of the antenna com- 
plexes, and the turnover rate (or impedance to electron 
transfer) of the electron transfer chain. The rate of 
proton efflux will equal the product of the driving 
force, i.e. pmf and the conductivity of the thylakoid 
membrane to protons, g H + . The smaller the value of 
g H + , the larger will be the steady-state pmf, and the 
more acidic the lumen. Thus, modulating g H + should 
also affect the sensitivity of down-regulation. 

Since ATP synthesis is by far the major pathway for 
proton efflux, gf will be predominantly determined 
by the content, catalytic and regulatory properties 
of the ATP synthase (Kramer and Crofts, 1989). 



Controlling g H + should allow for a wide range of 
down-regulatory sensitivities. In principle, short term 
modulation could be achieved either by allosteric 
regulation or via alterations in the substrate/product 
levels (but see below), while long-term modulation 
may occur through regulation of ATP synthase ex- 
pression levels. 

Until very recently, this possibility has received 
relatively little attention, possibly because tools to 
estimate g H + in vivo were not available. However, in 
vivo analysis of the ECS signal, a linear indicator of 
transthylakoid Arp, reports on the partial reactions 
responsible for the charge movement , e.g. proton and 
electron transfer, and therefore provides information 
regarding, among other electrogenic events, g H + 
(Kramer and Crofts, 1989, 1990; Kramer etal., 1990; 
Kanazawa and Kramer, 2002). Analysis of the ECS 
during flash illumination of intact leaves resulted in 
a rapid rise in the signal, e.g. a rapid establishment 
of transthylakoid Arp, attributable to net movement of 
electrons from the lumen to the stromal side of the thy- 
lakoid membrane, and associated proton movements 
in the opposite direction. When the ATP synthase is 
activated, the collapse of this Arp occurs rapidly, via 
proton flux through F 0 , whereas when inactivated, it 
occurs much more slowly, the composite signal being 
the result of proton leakage and fluxes of counterions 
(Kramer and Crofts, 1 989). In this way, both activation 
(Kramer et al., 1990) and deactivation (Kramer and 
Crofts, 1989, 1990; Kramer etal., 1990) of the ATP 
synthase were followed in intact leaves. 

A similar approach was used recently to probe 
the steady-state changes in gf (Kanazawa et al., 
2001; Kanazawa and Kramer, 2002). Leaves were 
illuminated for extended periods of time to allow 
establishment of steady-state and ECS was measured 
upon a rapid light-dark transition. The half time for 
ECS decay, t 1/2 (ECS), in the ms range should be a good 
estimator of the resistance to proton flux (and thus 
to l/g H + ), since H + movement is pseudo-first order 
as long as the ATP synthase remains active for the 
duration of the decay. As discussed previously (Cruz 
et al., 2001), this should remain true regardless of 
whether pmf is stored predominantly as a Arp or ApH, 
as long as counterion movements are significantly 
slower than those of protons. 

Figure 6 shows the data of Fig. 2, but with the 
diameter of the symbols set proportional to t % (ECS). 
Lowering [C0 2 ] increased t./ECS), indicating a de- 
crease in g H + . Moreover, the data show a strong cor- 
relation between t 1/2 (ECS) and the relationship between 
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linear electron flux (i*^..) (a.u.) 



Fig. 6. The relationships among electron transfer flux through 
PS II, non-photochemical quenching of excitons (NPQ) and 
the conductivity of the ATP synthase to protons (g„ + ). Data was 
taken from Fig. 2, except that the diameter of the symbols was 
set proportional to the half ti me for decay of the clcctrochromic 
shift signal upon a light-dark transition. As described in the text, 
this parameter should reflect the relative resistance to proton flux 
across the thylakoid membrane, or approximately the inverse of 
g H \ The smallest diameter symbol represented ca. a 1 7 ms decay 
half time, while the largest represented 60 ms. 

down-regulation and electron transfer. Apparently, as 
[C0 2 ] was lowered, g H + decreased, leading to a higher 
pmf { or ApH) and, thus, to increased down-regulation 
at a given electron transfer rate. 

If this hypothesis is correct, it should be possible to 
mathematically account for changes in g H + , and obtain 
a parameter with a fixed (or constant) relationship 
to NPQ, regardless of whether electron transfer was 
modulated by light intensity or [C0 2 ]. With a constant 
H7e (see above), and under steady-state conditions, 
the light-induced inward fluxes of protons, v H + (in), 
and electrons, v e , should be proportional, so that, 
withHVe =3 

v H Ym; = 3v e - (2) 

where v H *(in) and v e ~ are the steady-state fluxes of 
protons into the lumen and electrons through the 
electron transfer chain respectively. It follows that 

V0‘«) K i • <*>11 K i • F V /F M ' (3) 

where i is the light intensity, O n is the quantum effi- 
ciency of PS II, F v is the change in chlorophyll fluores- 
cence yield upon saturation of PS IT photochemisty, 



and F m ' is the maximal fluorescence yield in light 
adapted samples (see Genty et al., 1989). 

By definition, steady-state conditions imply that 
the fluxes of protons into the lumen via the electron 
transfer chain will be equal to proton efflux, predomi- 
nantly through the ATP synthase, 

v H + (in) = v H + ( out) (4) 

Assuming the ATP synthase approximately obeys 
Ohm’s Law above its activation threshold (see Junesch 
and Graber, 1985; Kramer and Crofts, 1989; Cruz 
et al., 2001), then 

V H (out) ~ pmf -g H + (5) 

If changes ing H + are predominantly responsible for 
alterations in down-regulatory sensitivity, then 

pmfx /•<&„ /g H + ~ rO„ t VlECS (6) 

Thus, a continuous relationship should be observed 
between pFl-triggered down-regulation (or NPQ) 
and the product of electron transfer velocity and 
t 1/2 (ECS). Figure 7 — which depicts the data in Fig. 6 
but with the x-axis data treated as in Eq. (6) — shows 
that a reasonably continuous relationship is indeed 
observed, indicating that a large fraction of the short- 
term variability in down-regulatory sensitivity can be 
ascribed to changes in g u + (Kanazawa and Kramer, 
2002 ). 

We consider that the observed changes in g H + 
could arise from two sources: model 1), alterations 
in substrate and product (i.e. ATP, ADP and Pj) 
concentrations; or model 2), allosteric regulation 
of the ATP synthase. A remarkable feature of g H + , 
is that it is relatively insensitive to changes in light 
intensity, whereas [C0 2 ] affects it greatly (Kanazawa 
et al., 2001; Kanazawa and Kramer, 2002). Previ- 
ous measurements showed only small (ca. two-fold) 
changes in in vivo chloroplast [ATP]/[ADP] ratios 
upon altering [C0 2 ] (Dietz and Heber, 1984; Noc- 
tor and Foyer, 2000), probably too small to account 
for the observed differences in g u + . Furthermore, at 
constant C0 2 levels, light intensity changes had an 
equally large effect on [ATP]/[ADP] ratios (Siebke 
et al., 1990), whereas g H + was unaffected by these 
conditions (Kanazawa et al., 2001; Kanazawa and 
Kramer, 2002). We conclude that neither [ATP] nor 
[ADP] is likely to determine g H + - One possibility is 
that [PJ alters g H \ either by model 1 or by model 
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Fig. 7. The relationship between proton motive force estimated 
by a flux equation and non-photochemical exciton quenching 
(NPQ). The data were taken from Fig. 2, but the x-axis data was 
corrected for differences in the conductivity of the ATP synthase 
to protons (g H ‘) as described in the text. 

2, in response to change in the concentration of an 
unidentified Calvin-Benson cycle intermediate pool. 
This is in agreement with a large body of work sug- 
gesting that Pj plays an important role in regulation 
of photosynthesis (e.g. Leegood and Furbank, 1986; 
Sivak and Walker, 1986; Sharkey and Vassey, 1988; 
Woodrow and Berry, 1988; Sharkey, 1990; Noctor 
and Foyer, 2000). 

C. Changes in the Topology of Electron 
Transfer 

1. Contributions from Cyclic Electron Flow 
(CEF) 

It has been known for some time that alternate cy- 
clic electron transfer pathways operate around both 
PS I (see reviews in Asada et al., 1993; Bendall 
and Manasse, 1995; Heber et al., 1995; Ivanov and 
Edwards, 1995; Kramer and Crofts, 1996) and PS II 
(Thompson and Brudvig, 1988; Nedbal et al., 1992; 
Whitmarsh and Pakrasi, 1996). The PS II-cycle is 
thought to be important mainly in protecting PS II 
from certain types of photoinactivation and accounts 
for only a minute fraction of total electron transfer 
flux (Thompson and Brudvig, 1988; Nedbal et al., 
1992; Whitmarsh and Pakrasi, 1996). Its impact on 
Chi fluorescence should be small under most condi- 
tions. Cyclic electron flow around PS I (CEF1) is 



thought to be substantial in some systems and under 
some conditions (see below), and has been proposed 
to have two important functions: production of ATP 
and down-regulation of PS II (via production of ApH 
and subsequent activation of NPQ). 

2. CEF Involving PS I (CEF1) for ATP 
Production 

In photosynthetic organisms having an ATP-depen- 
dent inorganic carbon pump, including cyanobacteria, 
microalgae and C 4 plants, there is demand for ATP 
in carbon assimilation in addition to that needed for 
the Calvin-Benson cycle (Kanai and Edwards, 1 999; 
Kaplan and Reinhold, 1999; Badger and Spalding, 
2000). Cyclic photophosphorylation is suggested to 
be an important contributor of ATP for these C0 2 
concentrating systems (Laisk and Edwards, 1998; 
Charlebois and Mauzerall, 1999; Kaplan and Rein- 
hold, 1999; Badger and Spalding, 2000). 

a. Cyanobacteria 

There is substantial evidence that CEF1 plays an 
important role in vivo in cyanobacteria to support 
active uptake of inorganic carbon (both C0 2 and 
bicarbonate) (reviewed in Badger and Spalding, 
2000). In cyanobacteria, the NAD(P)H dehydroge- 
nase (NDH) complex is suggested to be essential, 
based on studies in which subunits of the complex 
have been genetically eliminated (Mi et al., 1992; 
Moroney and Somanchi, 1999). From such analyses, 
NDH has been suggested to be involved in mediating 
reduction of the thylakoid plastoquinone pool using 
NAD(P)H as reductant, leading to the conclusion 
that it participates in CEF1; a plasma membrane 
NAD(P)H dehydrogenase might also be involved. In 
addition, there are a number of studies showing CEF 1 
increases in cyanobacteria under saline conditions 
(Hibino et al., 1996; Tanaka et al., 1997; Jeanjean 
et al., 1998; Hagemann et al., 1999; van Thor et al., 
2000). The effects of salinity on the relative activi- 
ties of PS I and PS II and CEFl in terrestrial plants 
are yet unclear. 

b. Microalgae 

There is strong evidence that green algae, such as 
Chlamydomonas reinhardtii, possess a robust CEFl 
pathway. Under anaerobic conditions, complete 
blockage of PS IT by Q B site inhibitors has little effect 




266 



David M. Kramer, Thomas J. Avenson, Atsuko Kanazawa, 
Jeffrey A. Cruz, Boris Ivanov and Gerald E. Edwards 



on the rate of steady-state electron transfer to PS I 
(Finazzi et al., 2001 ). The role of this pathway is not 
established, but presumably it provides the cell with 
ATP under conditions where LEF is either not needed 
or blocked. It could also contribute energy for these 
inorganic carbon concentrating mechanisms. Energy 
derived from photochemistry is required for active 
uptake of inorganic carbon. Some long term changes 
in the photochemical properties of microalgae, oc- 
curring when the C0 2 concentrating mechanism is 
induced under low C0 2 , are consistent with increased 
PS I activity (Badger et al., 2000). 

c. C, Plants 

It can be surmised that bundle sheath chloroplasts 
of C 4 plants, which are deficient in PS II, possess a 
robust CEF1 pathway (Edwards and Walker, 1983). 
They have an ATP -dependent carbon concentrating 
mechanism, via the C 4 cycle, which actively accu- 
mulates C0 2 from the atmosphere. C 4 plants in the 
NADP-malic enzyme [NADP-ME] subgroup (Kanai 
and Edwards, 1999), such as maize and sorghum, 
that have chloroplasts in bundle sheath cells which 
are deficient in PS II, have been demonstrated to 
photochemically generate ATP by some type of cy- 
clic pathway. Chapman et al. (1980) concluded that 
the cycle must occur around PS I in bundle sheath 
chloroplasts, since measurements of 18 0 2 uptake 
indicate that the pseudocyclic electron flow is not 
responsible for the necessary ATP synthesis. Asada 
et al. (1993), in evaluating changes in the P700 sig- 
nal from PS I in intact leaves of maize, suggested 
that some characteristics could best be explained by 
PS I mediated cyclic electron flow in bundle sheath 
chloroplasts , but conclusions were limited by inability 
to distinguish signals from mesophyll versus bundle 
sheath chloroplasts. They suggested PS I dependent 
electron flow could occur via a cyclic system, or 
through a linear system with an endogenous stromal 
electron donor. 

Direct evidence for function of CEF1 in C 4 plants 
has been limited (Leegood et al., 1983; Bendall and 
Manasse, 1995). Recent measurements of P700 re- 
dox-changes in isolated bundle sheath demonstrated 
the capacity of CEF 1 to energize the thylakoid mem- 
brane (Ivanov et al., 2001; B. Ivanov, D. Kramer, G. 
Edwards, K. Asada, unpublished). Redox changes of 
P700 in bundle sheath strands isolated from maize 
leaves were measured in the near infrared region using 
a dual wavelength pulse modulation system. White 



light oxidized P700 and since the uncoupler nigericin 
suppresses this oxidation it indicates that a proton 
gradient is generated across the thylakoid membrane 
during cyclic electron flow. The mechanism of this 
pathway remains unknown. 

While there is good evidence for function of CEF 1 
in PS II deficient bundle sheath chloroplasts, its func- 
tion in C 4 plant mesophyll chloroplasts is uncertain. 
There is clear evidence that CEF1 can function in 
mesophyll chloroplasts in vitro, particularly with 
addition of substrates requiring high demands for 
ATP; but, in vivo the primary photochemistry is 
considered to occur by LEF to NADP + (Huber and 
Edwards, 1975, 1976; Femyhough et al., 1983; 
Furbank et al., 1983; Ivanov and Edwards, 1995; 
Miyake et al., 1995). 

d. C 3 Plants 

It is not evident that CEF 1 has any role in production 
of ATP during steady state photosynthesis in C 3 plants 
under non-stressful conditions, and recent evidence 
suggests that it maximally represents only a small 
fraction of LEF (see reviews in Badger et al., 2000; 
Clarke and Johnson, 2000). As discussed in Kramer 
et al. (1999), static coupling ratios of 3H + /e~ for LEF 
and n = 4 H7ATP at the ATP synthase, would produce 
3 ATP/2NADPH, matching the requirements for C0 2 
fixation in the C 3 pathway. However, if n = 4.67 (as 
discussed above), more ATP would be needed, pos- 
sibly requiring a pathway such as CEF1 to make up 
the difference (see also Allen, 2002). In addition, 
increased demands for ATP may arise from other 
processes (e.g. under stress, where cellular repair 
and transport may require ATP). On the other hand, 
the involvement of alternate electron sinks (reviewed 
in Baker et al., 1995) or ATP production by the mi- 
tochondria (Hanning and Heldt, 1993) may balance 
the energy budget without CEF1. 

3. Participation of CEF1 in Down-regulation of 
PS II 

Heber and Walker ( 1 992) proposed a second function 
for CEF1, mainly for C 3 plants, in the down-regula- 
tion of PS II under excess radiation. It is thought that 
CEF 1 might be engaged under conditions where LEF 
is hindered by a lack of PS I electron acceptors, e.g. 
drought, cold, etc. Lumen acidification afforded by 
CEF 1 could then initiate NPQ , thus avoiding the type 
of catastrophic failure expected under PS I-acceptor 
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limitation (see Section II.D). In support of this view, 
photoacoustic measurements by Herbert et al. (1990) 
suggest the operation of CEF1, and estimates of the 
turnover rates of CEF1 vary from less than 3% of 
LEF up to rather high values (see review in Bendall 
and Manasse, 1995). It is also commonly accepted 
that CEF1 increases under stress conditions (Herbert 
etal., 1990, 1997; Heber and Walker, 1992) or under 
low levels of C0 2 when stomata are closed to prevent 
loss of water ( Gerst et al., 1995). Further studies 
suggesting the involvement of CEF1 in down-regu- 
lation in C 3 photosynthesis have come from several 
laboratories (Slovacek et al., 1978; Harbinson and 
Foyer, 1991; Cha and Mauzerall, 1992; Heber and 
Walker, 1992; Bendall and Manasse, 1995; Heber 
et al., 1995; Allakhverdiev et al., 1997). However, 
Clark and Johnson (2001) have failed to find evi- 
dence for CEF1 under low temperature conditions, 
where the Heber and Walker model would suggest 
it should occur. 

Some more recent measurements have reopened 
the debate over the contributions of CEF1 to C 3 
photosynthesis (see review in Kramer et al, 2004). 
Joliot and Joliot (2002) have found evidence for 
substantial CEF1 contributions during induction of 
photosynthesis from the dark-adapted state. Clarke 
and Johnson (200 1 ) suggested that CEF 1 can operate 
at about the same rate as LEF. In contrast, Kanazawa 
and Kramer (2002) and Avenson et al. (2004) found 
no evidence for changes in CEF1, even under rather 
extreme limitations to LEF. 

4. Pathways for CEF1 

It is important to note that that the mechanism of 
CEF1 may differ significantly among cyanobacteria, 
green algae and higher plant chloroplasts . Thy lakoids 
of cyanobacteria, such as Synechococcus, contain 
both respiratory and photosynthetic electron transfer 
chains, as well as multiple quinone reductases. In 
these organisms, the normal complex I and complex 
Ill-like enzymes involved in respiration could also 
function in photosynthetic electron transfer chains. 
Likewise, there is evidence that green algae such as 
C. reinhardtii possess a ‘chlororespiratory’ pathway 
in their thylakoid membranes with both plastoquinone 
reductases and oxidases (Bennoun, 1982; Peltier 
andThibault, 1988; Coumac et al., 2000), albeit at 
low concentrations (see discussion in Coumac et 
al., 2000). 

While it is accepted that PS I, PQ, Cyt h 6 f complex 



and PC/Cyt c 6 function in CEF1, the pathway for 
return of electrons from the reducing side of PS I to 
PQ is not yet frilly resolved (Bendall and Manasse, 

1995) . Ferredoxin (Fd) is generally proposed to be a 
cofactor, accepting electrons from PS I, though the 
possibility that flavodoxin can catalyze CEF1 around 
PS I in vitro was shown experimentally (Scheller, 

1 996) . In some cyanobacteria, a soluble, low-potential 
Cytc-549 can apparently catalyze cyclic phosphoryla- 
tion, but its physiological significance in this role is 
uncertain (Pescheketal., 1982). Several studies have 
appeared suggesting that NADP + reduction via the 
Fd-NADPH oxidoreductase is involved (Mano et al., 
1995; Mi etal., 1995; Corneille etal., 1998; Endo et 
al., 1998; Teicher and Scheller, 1998). 

Much work has focused on identifying the enzyme 
responsible for reducing PQ in CEF1. Early work 
(reviewed in Cleland and Bendall, 1992) concluded 
that the ‘missing enzyme’ catalyzed the reduction of 
the PQ pool by Fd, and thus should be termed Fd- 
(plasto)quinone oxido-reductase, or FQR. However, 
as will be discussed below, there is support for other 
enzymes or multiple enzymes, and for the purposes 
of this discussion, we will term this enzyme referred 
to simply as plastoquinone reductase (PR). 

A major focus of research on PR has been its pu- 
tative sensitivity to low concentrations of antimycin 
A (Moss and Bendall, 1984; Ivanov and Edwards, 
1995), which presumably acts to block a plastoqui- 
none binding site on the PR enzyme, much as it acts 
at the (1 site of the Cyt be, complex (reviewed in 
Crofts and Wraight, 1983). However, despite more 
than 20 years of work on this issue, the exact site of 
antimycin A inhibition of CEF 1 remains unknown. In 
fact, antimycin A appears to be have multiple effects, 
most prominently on NPQ (Oxborough and Horton, 
1988 and references within) and uncoupling of the 
proton gradient (Yerkes and Crofts, 1995). On the 
other hand, clear evidence has emerged that antimycin 
A inhibits some reductive processes, consistent with 
an effect on CEF 1 (Moss and Bendall, 1 984; Bendall 
and Manasse, 1995; Miyake et al., 1995). 

Several different suggestions have been made as 
to the identity of PR, including subunit E of PS I (Yu 
et al., 1993) and low -potential Cyt 6-559, found in 
maize mesophyll thylakoids (Miyake et al., 1995). A 
quite different suggestion was made by Hormann et 
al. (1994), who proposed that the superoxide radical, 
formed at the reducing side of PS I, could directly 
reduce PC or Cyt f. However, taking into account the 
impermeability of 0 2 *~ (Asada, 1999), and the well- 
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established role of the Cyt b 6 f complex in CEF 1 (see 
above), a more likely scenario would involve reduc- 
tion of PQ. In any case, we believe that this model is 
unlikely since high rates of CEF 1 have been observed 
under reducing conditions, under low 0 2 , and in the 
presence of a large excess of superoxide dismutase 
contained in the stroma (Asada, 1999). 

Some studies on CEF 1 in cyanobacteria and terres- 
trial plants suggest that a form of NDH [(NAD(P)H- 
dehydrogenase, NAD(P)H-plastoquinone reductase, 
terms used as synonyms )] oxidizes NAD( P)H and re- 
duces PQ in thylakoids (Herbert et al., 1 990; Bendall 
and Manasse, 1995; Endo et al., 1997; Corneille et 
al., 1998; Endoetal., 1998). From homology studies 
of mitochondrial and chloroplast genes, an analog of 
the mitochondrial NDH (complex I) was suggested 
to occur in chloroplasts (Olikawa et al., 1988) which 
was subsequently isolated ffomthylakoid membranes 
(Funk and Steinmuller, 1995; Sazanov et al., 1995). 
Although it lacks the mitochondrial homologues of 
the three subunits essential for NADH oxidation 
in the mitochondrial Complex I, its activity as a 
dehydrogenase has been demonstrated (Teicher and 
Scheller, 1998). Sazanov et al. (1995, 1998) isolated 
NDH from chloroplasts of terrestrial C 3 plants, and 
proposed that it participates in CEF1 . Currently, there 
is no evidence that NDH provides an essential role 
in photosynthesis in C 3 plants, and its potential role 
is debated. Mutants lacking a functional NDH in C 3 
plants grow similar to wild type plants under non- 
stressful conditions. However, there is some evidence 
that NDH mutants are more sensitive to photoinhi- 
bition, especially under drought stress (Olikawa et 
al., 1988; Burrows et al., 1998; Kofer et al., 1998; 
Shikanai et al., 1998; Endo et al., 1999; Kaplan and 
Reinhold, 1999; Joet et al., 2001). It was suggested 
from these studies that NDH-dependent CEF1 pro- 
tects PS II and PS I from photoinhibition by initiating 
ApH-dependent NPQ. Yet, no significant differences 
in NPQ of Chi fluorescence were observed between 
wild-type and NDH-disrupted mutant tobacco 
plants (Burrows et al., 1998; Shikanai et al., 1998). 
In addition, the abundance of the NDH complex in 
chloroplasts of C 3 plants is only 1 : 1 00 in relation to 
the photosynthetic reaction centers (Sazanov et al., 
1995), and its capacity may only be about 3% of 
the linear electron transport rate (Mano et al., 1995; 
Teicher and Scheller, 1 998). This is consistent with in 
vivo assays, comparing PS I and PS II flux showing 
either minor or a constant fraction of electron flux 
is passed through the cyclic pathway (reviewed in 



Kramer and Crofts, 1996). This low level of activity 
in C 3 plants appears to preclude a major role in either 
ATP:NADPH balancing or down-regulation. 

In some types of C 4 plants , there is indirect evidence 
that NDH may function in CEF1. In sorghum, an 
NADP-malic enzyme type C 4 plant, the expression of 
NDH is much greater than in mesophyll chloroplasts 
orinC 3 plants (Kubickietal., 1996). Although activity 
has not been demonstrated in bundle sheath chloro- 
plasts in vitro, it has been suggested that the enzyme 
is an essential component of the CEF 1 pathway in C 4 
plants (Kubicki et al., 1996). If the chloroplast NDH 
should operate with a mechanism similar to that of 
the mitochondrial enzyme, which is known to be an 
active proton pump with H + /e~ = 2, it could contribute 
to the pmf (Hinkle et al., 1991). 

Recently, Shikanai and coworkers (Munekage etal., 
2002; Shikanai and Munekage, 2003) identified an 
Arabidopsis mutant strain, pgr5, in which antimycinA 
sensitive Fd-mediated PQ reduction appears to be lost. 
These authors have proposed that PGR5 represents 
the ‘main route’ of electron transfer around PS I and 
that PGR5 may be a component of FQR-mediated 
CEF1. However, the phenotype is pleiotropic. Maxi- 
mal electron transfer rates are decreased compared to 
WT, but more importantly q E generation is inhibited. 
While it is tempting to make a direct causative con- 
nection between the loss of Fd-mediated PQ reduction 
and decreases in steady-state q E levels, the maximal 
estimated rates of Fd to PQ electron transfer in the 
WT are many times slower than LEF, probably too 
slow to account for the substantial steady-state pmf 
generation needed to augment q E . This pathway may, 
on the other hand, contribute to the balancing of ATP: 
NADPH output. 

5. Priming the CEF1 Pathway 

It has been thought for some time ( Arnon and Chain, 
1975; Huber and Edwards, 1976; Cleland and Ben- 
dall, 1992; Ivanov et al., 1998) that the PS I-cyclic 
pathway is only engaged under fairly reducing 
conditions. That is, a substantial fraction of the 
PS I electron acceptor pool, Fd and NADPH, must 
be reduced before the plastoquinone reducing part 
of the cycle is activated. Apparently, a competition 
exists for electrons from PS I among several path- 
ways, with CEF1 being a rather weak competitor. In 
intact spinach chloroplasts, Backhausen et al . (2000) 
concluded that the hierarchy of affinity for electrons 
from PS I were hydrogen peroxide, C0 2 and nitrite 
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assimilation, the malate valve (shuttle of reductant 
from chloroplast by reduction of oxaloacetate), cyclic 
electron flow, and the water-water cycle (WWC, see 
below) respectively (Heber and Walker, 1992; Heber 
et al., 1995). CEF1 was shown to operate in intact 
spinach chloroplasts with oxaloacetate, but not with 
nitrite as electron acceptors (Ivanov et al., 1998). In 
addition, CEF1 does not appear to operate as long 
as NADPFI is efficiently oxidized by glyceraldehyde 
phosphate dehydrogenase, but when stomata were 
closed under strong light, CEF1 was activated (Gerst 
et al., 1 995). This implies that when entry of external 
CO, into leaves becomes severely restricted an in- 
crease in stromal NADPH/NADP + ratio is sufficient 
for making possible CEF1. 

A reducing state is also required for CEF 1 to func- 
tion in bundle sheath chloroplasts of C 4 plants where 
PS II is absent or at low concentrations (Huber and 
Edwards, 1976). Previously, malate was suggested to 
function in this way through generation of NADPH 
viaNADP-malic enzyme (Leegoodet al., 1983). Iva- 
nov et al. (2001), however, suggested that ascorbate 
could also serve this role, by directly reducing PS I 
donors. A cycle including ascorbate was proposed 
in C 3 chloroplasts as early as the 1980s under con- 
ditions where PS II is inactive (Arisrarkhov et al., 
1987). There is also the opinion that the thylakoid 
membrane has a low permeability to ascorbate (Foyer 
and Lelandais, 1996), and thus ascorbate would not 
have a significant role in electron transport. How- 
ever, the concentration of ascorbate in chloroplasts 
is rather high, with values from 10 to 50 mM, and 
it was shown in both pea thylakoids (Arisrarkhov et 
al., 1987), as well as in intact bundle maize sheath 
cells (Ivanov et al., 2001), that ascorbate, at such 
concentrations, can sustain substantial rates of light 
induced electron transport, coupled to the generation 
of pmf through PS I. We proposed that oxidation of 
ascorbate takes place in the lumen at the donor side of 
PS I and that it may have physiological relevance for 
function of PS I in maize bundle sheath chloroplasts 
(Ivanov et al., 2001). Direct evidence for oxidation 
of ascorbate in the lumen was obtained recently (J. 
Mano andK. Asada, personal communication). While 
monodehydroascorbate cannot leave the lumen, there 
is high capacity to reduce it (Mano et al., 1997) in 
the stroma by glutathione with the participation of 
dehydroascorbate reductase (Noctor and Foyer, 1 998). 
Taking into account the high rates of C0 2 fixation in 
healthy, nonstressed plants, and the corresponding 
high rates of ATP synthesis, the rates of ascorbate as 
a donor to PS I appears too low to have a substantial 



direct role in CEF 1 (Arisrarkhov etal., 1987; Ivanov 
et al., 2001). The role of ascorbate may be to provide 
reducing conditions to poise the cycle and to replace 
electrons that have leaked to O,. 

6. Oxygen Reduction, Mehler-peroxidase 
Reaction and Water-water Cycle 

PS I electron acceptors are highly reducing and thus, 
in their reduced states, they have potential to readily 
react with 0 2 to form a superoxide radical (Mehler, 
195 1 ; Golbeck and Radmer, 1984; Golbeckand Bry- 
ant, 1991). Superoxide is usually harmful to biological 
systems, and chloroplasts have evolved a robust sys- 
tem for its ultimate detoxification to water (reviewed 
in Asada, 1996). The detoxification is so efficient 
that it has been proposed that O, thus constitutes 
an alternate acceptor for LEF, competing with C0 2 
fixation, photorespiration and nitrite reduction (see 
below). The ultimate redox product for this process 
is water, i.e. also the ultimate electron source. Thus, 
0 2 reduction results in a ‘cyclic’ electron transfer 
process, where electrons are extracted from water 
(forming 0 2 ), passed through the ETC, and replaced 
on 0 2 , to reform H 2 0. A detailed description of these 
data and views according to these processes have been 
reviewed (Asada, 1999). In short, the WWC consists 
of the following reactions : water is oxidized at PS II; 
electrons are transferred through the ETC to PS I; 
dioxygen is reduced to superoxide at PS I; superoxide 
is dismutated to hydrogen peroxide and dioxygen 
catalyzed by superoxide dismutase; hydrogen perox- 
ide is reduced to water by ascorbate peroxidase, and 
ascorbate is regenerated ffommonodehydroascorbate 
and dehydroascorbate either by direct reduction or 
catalyzed by appropriate enzymes using NADPH, in 
both cases at the expense of electrons again derived 
from water in PS II. 

Although the WWC produces no net reductant, the 
transfer of electrons through the ETC is coupled to 
the pumping of protons. The pmf generated in this 
way could serve to drive ATP synthesis or to initi- 
ate lumen pH-sensitive down-regulatory processes. 
K. Asada (1996) has proposed that the WWC may 
function in down-regulation of PS II. 

Early in vivo evidence using mass spectrometric 
assays suggested that from 1-30 % of maximum LEF 
could occur via WWC (Badger, 1985; Osmond and 
Grace, 1995), consistent with in vitro work (Asada, 
1999). The issue was recently re-examined, by Bad- 
ger et al. (2000). The main conclusion was that this 
reaction in C 3 plants, even under conditions when it 
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has to occur with most probability (at limited C0 2 , in 
high light, at low temperature), is a minor component 
of oxygen uptake, and that most of the 0 2 dependent 
electron flow is dependent on the photorespiratory 
pathway. In C 3 plants the contribution of electron 
transport to oxygen in total electi on transport in these 
plants was assessed to be no more than 10% even un- 
der stress. While this may contribute little with respect 
to total ATP production, it may contribute sufficiently 
to pmf, thereby also impacting down-regulation. As 
with CEF1, isolated chloroplasts of C 3 plants gen- 
erally show higher capacity for the Mehler reaction 
than protoplasts or intact leaves (Backhausen et al., 
2000; Badger et al., 2000). It was found (Shmeleva 
et al., 1984), in particular, that the electron transport 
to 0 2 in the presence of Fd and NADP + in thylakoids 
from oat can be as high as 80% of the total electron 
flow (combined flow to 0 2 and NADP + ) compared 
with 15-20% of that of thylakoids from pea under 
the same experimental conditions (both in absence 
of ascorbate) (Ivanov et al., 1980). Although these 
results are with thylakoids, they indicate that there 
may be species dependent differences in the potential 
for the WWC. 



IV. Conclusions and Working Model 



(1) In intact plants, as the quantum yield for pho- 
tosynthesis drops with increasing light, proton 
pumping feed-back regulates violaxanthin de-ep- 
oxidase (VDE) and NPQ, in part to keep lumen 
pH between about 5. 8-6.5, and thus prevent acid- 
induced photodamage. 

(2) The sensitivity of down-regulation appears to 
be modified at several levels: 

a) Although it has been suggested that CEF 1 may 
play a role in down-regulation of PS II under 
excess light, the evidence is inconclusive. There 
is strong evidence that CEF1 supports ATP 
dependent C0 2 concentrating mechanisms in 
cyanobacteria, algae and C 4 plants. There is no 
conclusive evidence that it functions in C 3 plants 
to provide ATP, although it may be important 
during induction of photosynthesis. 

b) Likewise, though the reactions of the Mehler 
peroxidase reaction have been demonstrated in 



vitro, its activity in vivo is normally very low 
compared to LEF to NADP + . Substantial impact 
of this cycle in vivo on down regulation or ATP 
synthesis has not been demonstrated. 

c) Recent results suggest that the conductivity 
of the ATP synthase plays a key role in modulat- 
ing down-regulatory sensitivity in response to 
changes in internal C0 2 concentrations. 

d) Under severe acceptor limitation, e.g. low 
C0 2 and 0 2 , recent evidence suggests that 
modulation of q E also occurs by variability in 
the partitioning of pmf into Arp and ApH. 

An integrated, working model, elaborated upon in 
Kramer et al. (2004), involves categorizing all of the 
above mentioned mechanisms into two general types, 
e.g. Type 1 and 2 mechanisms, both of which account 
for the required flexibility that plants must possess 
to respond to fluctuating environmental conditions 
and biochemical demands. Type I mechanisms, e.g. 
CEF1, WWC, and alterations in the H7e~ ratio, pro- 
vide flexibility at the level of ATP:NADPH out put 
ratios, while likely also contributing to down-regula- 
tory sensitivity. Type II mechanisms, e.g. changes in 
g H + and variable pmf partitioning, solely alter down- 
regulatory sensitivity. The point of having two such 
types of mechanisms is the flexibility they afford. For 
example, certain circumstances may solely require 
increased ATP production, easily accommodated for 
by increases in, for example, the fractional turnover 
of CEF 1 , resulting in augmented lumen acidification 
and, assuming the majority of these protons pass back 
through the ATP synthase, augmentedATP synthesis. 
However, such enhanced lumen acidification would 
also be expected to increase down-regulatory sensitiv- 
ity, which may be undesirable at times. Changes in 
regulatory sensitivity could therefore be compensated 
for by changes mg H + , altering the partitioning of pmf 
into ApH etc. On the other hand, the plant may need 
an increase in down-regulation while maintaining 
ATP:NADPH output ratio, and in response Type II 
flexibility mechanisms can be activated. 



Note Added in Proof 

An interesting new paper providing evidence for 
a cyclic electron flow around PS I, using mutants 
of Arabidopsis thaliana, was recently published by 
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Munekage et al. (2004). It shows that plants with two 
genes disrupted, pgr5 and ndh (see text for discus- 
sion), are inliibited in overall photosynthesis as well 
as in antenna down-regulation. This work supports 
the view that cyclic electron flow plays an essential 
role in C 3 photosynthesis. 
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Summary 

Chlorophyll (Chi ) a fluorescence originates in close vicinity to the sites where light energy is transformed into 
chemically fixed energy. The same excitation states that give rise to fluorescence emission also participate in 
photochemical energy conversion. These features render Chi fluorescence a unique indicator of photosynthesis. 
During the past 15 years there has been remarkable progress in Chi fluorescence research. In practical ap- 
plications, Pulse -Amplitude-Modulation (PAM ) fluorometry in conjunction with the saturation pulse method 
has been particularly successful. This chapter outlines the principles of PAM fluorometry and saturation pulse 
method. Some examples of typical applications are given. Also the limits of the method are outlined, with 
emphasis on the fact that absolute assessment of photosynthetic parameters is complicated by various factors, 
while relative changes can be assessed with high reliability. Particular attention is given to the theoretical 
foundation of the method, at a level, which can be also understood by non-specialists and students. A pivotal 
role in the determination of Photosystem (PS) II quantum yield by fluorescence measurements is played by 
the maximal fluorescence yield, Fm, proper measurement of which has been a matter of controversy. This is 
related to a large intrinsic heterogeneity of variable Chi fluorescence, which is revealed in the polyphasic rise 
of fluorescence yield upon the onset of saturating light. Arguments are put forward in favor of Fm determina- 
tion after full reduction of the plastoquinone pool, including the secondary quinone acceptor of PS II, Q B , the 
oxidized form of which can support in my view a particular type of nonphotochemical quenching, when the 
primary quinone acceptor, Q A , is reduced. Possible mechanisms and consequences of this ‘Q B -quenching’ are 
discussed. Some PAM fluorometers for special applications are described, including systems for phytoplankton 
analysis, for investigations at the single cell level (epifluorescence microscopy and microfiber technique) and 
for imaging of photosynthetic activity. 



I. Introduction 

Chi fluorescence is not only ‘red and beautiful’ 
(Govindjee, 1995), but also provides an exception- 
ally large signal that, when properly measured and 
analyzed, can give detailed information on what is 
going on inside a photosynthetic organism. (For an 
early book on this topic, see Govindjee et al., 1986), 
Chi fluorescence originates where the fuel for all 
other life processes is generated. Hence, it provides 
information on the efficiency of primary energy 



conversion, reliable measurement of which is a task 
of outstanding importance. 

The analytical potential of Chi fluorescence was 
first recognized by Hans Kautsky and co-workers, 
starting with the discovery of the dark/light induc- 
tion phenomenon (‘Kautsky effect;’ Kautsky and 
Hirsch, 1931), culminating in a series of publications 
with Ulrich Franck (Kautsky and Franck, 1943) and 
ending with the remarkable study of Kautsky et al. 
(1960). The latter study, as well as that by Govindjee 
et al. (1960), anticipated some of the conclusions 



Abbreviations: AC - alternating current; ADRY Acceleration of the Deactivation Reactions of the water splitting enzyme system Y; 
ANT-2p - 2- (3 -chloro-4-trifluoromethyl)-aml mo-3, 5 -dinitro thiophene; BBY - Berthold-Babcock- Yocum; CCCP - carbonylcyanide- 
m-chlorophenylhydrazone; Chi - chlorophyll; Dl, D2 - Photosystem II reaction center proteins; DCMU - 3-(3,4-dichlorophenyl)- 
1,1-dimethylurea; ETR - relative electron transport rate; F - chlorophyll a fluorescence yield; F 50/iS - chlorophyll a fluorescence yield 
measured 50 jus after pump flash; Fm - maximal chlorophyll a fluorescence yield after dark adaptation; Fm' - maximal chlorophyll a 
fluorescence yield in illuminated state; Fo - minimal chlorophyll a fluorescence yield after dark adaptation; Fo' - minimal chlorophyll a 
fluorescence yield in illuminated state; Fv - variable chlorophyll a fluorescence, Fm-Fo; Fv/Fm maximal PS II quantum yield calculated 
from chlorophyll a fluorescence after dark adaptation; l 1 - first intermediate chlorophyll a fluorescence level (equivalent to J); I 2 - second 
intermediate chlorophyll a fluorescence level (equivalent to I); I k - light intensity in light response curve characteristic for beginning of 
saturation; LED light emitting diode; NPQ - expression for nonphotochemical quenching of chlorophyll a fluorescence; P680 - primary 
electron donor of Photosystem II; PAM pulse amplitude modulation; Pheo - pheophytin molecule in Photosystem II; P-I - rate of 
photosynthesis versus light intensity; P^ - maximal rate of photosynthetic electron flow in a light response curve; PQ plastoquinone; 
PS - photosystem; Q 1? Q 2 - hypothetical subfractions Q A ; Q A - primary quinone acceptor of Photo system II; Q B - secondary quinone 
acceptor of Photosystem II; ql - coefficient of photoinhibitory nonphotochemical quenching of chlorophyll a fluorescence; qN coef- 
ficient of overall nonphotochemical quenching of chlorophyll a fluorescence; qP - coefficient of overall photochemical quenchingof 
chlorophyll a fluorescence; Y z - electron donor to oxidized P680; a initial slope in light response curve, reflecting maximal quantum 
yield of photosynthesis; AF/F 111 ' effective PS II quantum yield in illuminated state calculated from chlorophyll a fluorescence; <E> n 
- quantum yield of Photosystem II; o PSII functional absorption cross-section of Photosystem II, m 2 quanta -1 
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later drawn by Duysens and Sweers (1963) on the 
control of the fluorescence yield by a quenching 
acceptor molecule and two light reactions in series. 
The tradition of Kautsky’s work was carried on by 
Ulrich Franck and co-workers (Franck et al., 1969; 
Schreiber et al., 1971). 

When looking back on the history of Chi fluo- 
rescence, now 73 years since Kautsky’s discovery, 
the years between 1960 and the mid-1980s were 
dominated by biophysically oriented basic research 
(for reviews see Govindjee and Papageorgiou, 1971; 
Papageorgiou, 1975; Lavorel and Etienne, 1977; 
Butler, 1978; Govindjee and Jursinic, 1979). During 
this period, Chi fluorescence had been a pioneering 
tool in the elucidation of basic reaction mechanisms 
of photosynthesis. On the other hand, up to then the 
practical use of this tool in applied research (like plant 
stress physiology, ecophysiology and phytopathology) 
had been quite limited, due to a lack of appropriate 
instrumentation and methodology. Also the phenom- 
enology of whole leaf fluorescence appeared by far 
too complex to be reliably interpreted. Thus, for a 
long time there was a gap between basic and applied 
research in Chi fluorescence. During the past 20 
years, the situation has been continuously changing, 
since it became clear that despite its complexity, the 
fluorescence signal does carry reliable quantitative 
information, which can be gathered with relatively 
simple instrumentation (for reviews see Briantais et 
al., 1986, Renger and Schreiber, 1986; Krause and 
Weis, 1991; Horton and Bowyer, 1990; Schreiber 
andBilger, 1993; Schreiber et al., 1994; Govindjee, 
1995; Joshi and Mohanty, 1995; Mohammed et al., 
1995; Lazar, 1999). 

As already pointed out by van Kooten and Snel 
(1990 ) in their editorial note to a special issue of 
Photosynthesis Research devoted to Chi fluorescence, 
there has been a very fruitful dynamic interaction 
between Basic Research, Applied Research and 
Instrument Development (driven by the Technical 
Progress), which brought about a ‘renaissance’ of 
interest in Chi fluorescence. Actually, the interacting 
fields in this dynamic process also include Teaching, 
which offers a strong incentive for leaving the ‘ivory 
tower’ of pure basic research and linking biophysi- 
cal knowledge with practical applications of general 
relevance (Schreiber, 1997). 

The technical progress in optoelectronics and 
photonics has been particularly important for the 
development of the Chi fluorescence instrumentation 
described in this chapter. Pulse-Amplitude-Modula- 



tion (PAM) fluorometry is closely linked with the 
availability of strong, compact light sources for rapid 
pulse-modulated excitation and of sensitive detector 
systems. Current examples are the recent progress in 
light-emitting diode (LED) and charge-coupled-de- 
vice (CCD ) technologies, which opened the way for 
the development of powerful fluorescence imaging 
systems, with which the two-dimensional distribution 
of photosynthetic activity can be analyzed (see Sec- 
tion VII.C and Chapters 14, Nedbal and Whitmarsh; 
15, Oxborough; 17, Allen and Mullineaux; and 28, 
Lichtenthaler and Babani). 

In principle, the technical possibilities for devel- 
oping Chi fluorometers for applied research already 
existed since the early 1970s, when solid-state op- 
toelectronical components, such as LEDs and fast 
photodiodes, became generally available. The first 
portable fluorometer for field studies (Schreiber et 
al., 1975) was already introduced 10 years before the 
development of the first PAM fluorometer. However, 
this instrument was restricted to the recording of 
dark-light induction curves, without the possibility 
of further analysis of the obtained data. At that time 
the interactions mentioned above were not yet strong 
enough to stimulate further development. Decisive 
stimulation leading to progress in instrumentation 
came from the physiological work of Briantais et al. 
(1979), Bradbury and Baker (1981), Krause et al. 
(1982), Horton(1983) and Walker etal. (1983). Quick 
and Horton (1984) and Dietz et al. (1985) applied 
chopper-modulated fluorometers for distinguishing 
different types of fluorescence quenching. The first 
portable fluorometers featuring modulated LEDs were 
introduced by Ogren and Baker (1985) and Schreiber 
(1986). As these fluorometers became commercially 
available, they triggered a boom of practical applica- 
tions in plant physiology and ecophysiology that led 
to important new insights, particularly with respect 
to the regulated dissipation of excess light energy 
(see reviews by Demmig-Adams and Adams, 1992; 
Schreiber andBilger, 1993; Bjorkman and Demmig- 
Adams, 1994; Pfundel and Bilger, 1994; see also 
Chapters 10, Kramer et al.; 18, Krause and Jahns; 
20, Golan et al.; 22, Adams and Demmig-Adams; 
and 21, Gilmore). 

Most of this chapter is not written for specialists in 
Chi fluorescence and photosynthesis, but rather for 
persons who are not yet familiar with this tool, i.e., 
students as well as researchers interested in applying 
PAM fluorometry in adjacent fields of research, like 
ecophysiology, agriculture, plant molecular biology, 
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plant pathology, limnology and oceanography. It is 
not intended to present a review on the vast amount 
of data collected with PAM fluorometry during the 
past 18years. Only a very limited amount of original 
data will be presented. It is rather intended to give 
an introduction to the principles of Chi fluorescence 
measurements with PAMfluorometers, to outline the 
various types of information, which can be gained 
and to describe a number of devices for special 
applications. Special attention will be given to the 
theoretical basis of the saturation pulse method of 
quenching analysis and to an intrinsic heterogeneity 
of variable Chi fluorescence, the mechanistic cause 
of which has been discussed controversially in recent 
years (for a review, see Samson et al., 1999; see also 
Chapter 6, Vredenberg and Chapter 19, Bruce and 
Vasil’ ev). 



II. Principle of Pulse-Amplitude-Modulation 

For understanding the principle of Pulse-Ampli- 
tude-Modulation (PAM), it is important to realize 
the difference between fluorescence intensity and 
fluorescenceyie/c/. Depending on the light conditions, 
fluorescence intensity may vary by several orders of 
magnitude. On the other hand, in most practical ap- 
plications fluorescence yield does not vary by more 
than a factor of 5-6. It is the fluorescence yield that 
carries information on photosynthesis. The ideal Chi 
fluorometer is capable of measuring the fluorescence 
yield in all physiologically relevant situations without 
changing the state of the sample, i.e., in a non-intru- 
sive way. In practice this means: 

• the measuring light (i.e., exciting light) intensity 
has to be very low for assessment of the fluores- 
cence yield of a dark-adapted sample; 

• the detection system has to be extremely selective 
to distinguish between the fluorescence excited 
by the measuring light and the much stronger 
signals caused by ambient and actinic light, e.g., 
full sun light in field studies or saturating light 
pulses for assessment of maximal fluorescence 
yield (quenching analysis); and 

• the measuring system must display a fast time 
response in order to resolve the rapid changes in 
fluorescence yield upon dark-light and light-dark 
transitions. 



The challenge consists in realizing the combina- 
tion of all of these properties in one instrument. In 
any fluorescence measuring system, there has to be 
efficient separation of the fluorescence from the much 
stronger excitation light. This generally is achieved by 
the use of appropriate optical filters, i.e., short-pass 
for excitation and long-pass in front of the detector 
(Schreiber, 1983; Rengerand Schreiber, 1986; Horton 
andBowyer, 1990 ). In conventional Chi fluorometers 
the excitation light, at the same time, serves for 
driving the photosynthetic reactions (actinic light). 
However, such fluorometers are not suited for in situ 
studies. In order to distinguish between fluorescence 
and ambient light, fluorescence excitation has to be 
modulated (either mechanically or electronically) 
and the fluorescence amplifier has to be highly se- 
lective for the modulated signal. While modulation 
fluorometers featuring mechanical choppers and 
lock-in amplifiers had been playing an important 
role in basic photosynthesis research for a long time 
(Duysens and Sweers, 1962; Bonaventura and Myers, 
1969), the first measuring system fulfilling all of the 
above requirements was the PAM-101 Chlorophyll 
Fluorometer (Schreiber, 1986; Schreiber etal., 1986). 
A chopper-modulated precursor of this measuring 
system was used by Dietz et al. (1985). 

The term Pulse-Amplitude-Modulation (PAM ) was 
coined for a novel modulation technique specially 
developed for Chi fluorometers with the above stated 
properties. The technical details are described in a 
patent publication (Schreiber and Schliwa, 1987a). 
Essential features of this technique are: 

• the fluorescence measuring light consists of very 
short (us-range) pulses, which can be applied 
repetitively at different frequencies; 

• when applied at low frequency, the intensity of 
each //s-measuring pul se can be quite high without 
inducing a significant increase of fluorescence 
yield; 

• the resulting «s-fluorescence pulses are detected 
by a photodiode detector featuring fast response 
and large linearity range (up to 10 9 ); 

• the pulse-preamplifier is AC-coupled, such that 
background signals are rejected; 

• the preamplified signal is further processed by a 
selective-window-amplifier, which amplifies the 
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Fig. 1. Selective detection of light induced changes of chlorophyll fluorescence yield. Comparison of intact leaf (A) with cthanolic 
chlorophyll extract (B). Chlorophyll concentration of extract adjusted to give same signal as leaf. Modified from Schreibcr et al. ( 1 986). 
See text for further explanations. 



difference between the signal during the excitation 
pulse and the signal a few jus after it; in principle, 
the difference signal can be ‘disturbed’ only by 
very rapid changes between the two //s-window 
periods; 

• the switching on/off of actinic light sources as 
well as the triggering of discharge flashes is syn- 
chronized to be in the middle of the dark periods 
between measuring light pulses (i.e., outside the 
‘measuring window’), such that the switching- 
on/ofif artifacts found with conventional lock-in 
amplifiers are avoided; and 

• the measuring light frequency can be automatically 
increased upon triggering of actinic illumination, 
such that rapid induction and relaxation kinetics 
can be followed. 

The reliability of PAM measurements may be 
judged from the experiment in Fig. 1 where the 
responses to actinic illumination of a bean leaf and 
a Chi solution are compared. The quasi-dark fluores- 
cence signals, Fo, of the two samples were adjusted 
to the same level. Vastly different light intensities 
were applied for measuring light (0.05 //mol photons 
m 2 s '), actinic light (80 //mol photons m 2 s ') and a 
saturating light pulse (8,000 //mol photons m 2 s I ). 



The measuring light is sufficiently weak to monitor 
the dark-adapted fluorescence level, Fo. When the 
1,600 times stronger actinic light and the 160,000 
times stronger saturating light pulse are applied, 
the fluorescence yield of the Chi solution does not 
change, whereas the fluorescence yield of the bean 
leaf displays the expected induction phenomenon. 
This demonstrates the selectivity of the PAM mea- 
surement for the modulated signal representing Chi 
fluorescence yield. While the 160,000 stronger, 
nonmodulated saturation pulse induces much higher 
fluorescence intensity than the modulated measuring 
light, the nonmodulated fluorescence signal caused 
by the saturation pulse is completely rejected by 
the amplifier system. The same is true for any other 
nonmodulated signal including ambient daylight 
and even full sunlight reflected from a leaf into the 
detector system. Actually, it is even possible to ap- 
ply far-red background light that can pass freely the 
filters in front of the detector. 

The pulse-modulated measuring light can be gener- 
ated either by a light-emitting diode (LED, in most 
PAM fluorometers) or a flash discharge lamp (e.g., 
Xe-PAM). LEDs can be modulated at high frequen- 
cies (MHz range). They also have the advantages of 
low cost and being easy to handle. Flash lamps can 
provide extremely strong measuring light, which can 
be particularly helpful in analyzing low Chi samples, 
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e.g., in oceanography. Regarding the optical set-up, 
it is important that all light qualities (i.e., measur- 
ing, actinic, saturation pulse, far-red background 
light and flash light) are evenly distributed over the 
sample. For this purpose, most PAM fluorometers 
employ multibranched fiberoptics, with the fibers 
being randomly mixed. One branch of the fiberoptics 
normally is used for carrying the fluorescence to the 
detector, while the other branches serve for guiding 
the various light beams to the sample. Such fiberoptics 
systems are particularly suited for portable devices in 
fieldwork. The distance and angle between the joint 
end of the fiberoptics and the investigated sample can 
be adjusted such, that on the one hand the ambient 
light conditions are not disturbed and on the other 
hand a sufficiently high signal is obtained (Bilger et 
al., 1995). 

Most PAM fluorometers apply photodiodes as 
fluorescence detectors, which not only are linear over 
a large range of light intensities, but also maintain a 
low noise level even at extremely high signal levels. 
This is not the case with photomultipliers, where 
the noise increases with light intensity, thus causing 
problems in experiments with strong actinic light 
and saturation pulses. Recently, however, special 
PAM fluorometers were developed, in which such 
problems are avoided by pulse modulating not only 
the measuring light, but actinic light and saturation 
pulses as well (Schreiber, 1998). While this technique 
allows extremely sensitive measurements (e.g., with 
phytoplankton at less than l//g Chi T 1 and even with 
single cells), it requires full instrument control of all 
types of applied light and, hence, cannot be used in 
natural light under field conditions. 

Besides Chi fluorescence measurements, the PAM 
technique has also been successfully applied for 
related measurements of other photosynthetic param- 
eters. P700 absorbance changes can be measured with 
the same PAM-101 system as Chi fluorescence using 
special emitter-detector units (Schreiber et al., 1 988; 
Klughammer and Schreiber, 1994, 1998; Chapter 12, 
Strasser et al.). The same is true for P5 1 5 absorbance 
changes (Klughammer et al., 1998) and NADPH 
fluorescence changes (Mi et al., 2000). A 16-chan- 
nel LED-array spectrophotometer for measurement 
of time resolved difference spectra in the 530-600 
nm wavelength region was developed for assessment 
of absorbance changes of cytochromes (Cyt f Cyt 
b - 563 and Cyt b- 559) (Klughammer et al., 1990). 
Furthermore, a computer-controlled pulse modula- 
tion system for the analysis of photoacoustic signals 



(Kolbowski et al., 1990) has been applied for the 
study of pulse-modulated heat release, 0 2 -evolution 
and C0 2 -uptake associated with stroma alkalization 
(Reising and Schreiber, 1992). In principle, all of 
these instruments can be linked via fiberoptics to the 
same sample, thus offering a vast analytical potential 
for the investigation of photosynthesis. 



III. Information Carried by Chlorophyll 
Fluorescence Yield 

PAM fluorometers measure the relative quantum 
yield of Chi fluorescence by applying measuring 
light with constant pulse amplitude. Each excitation 
pulse hitting a sample probes the probability of ab- 
sorbed light energy being re -emitted in the form of 
fluorescence. Fluorescence emission competes with a 
number of other de-excitation pathways (see Chapter 
4, Clegg). The mechanisms governing fluorescence 
yield may be dealt with in a more or less detailed and 
sophisticated way. (For a discussion of fluorescence 
lifetime measurements that provide absolute quantum 
yields of fluorescence, see Chapters of 19, Bruce 
and Vasil’ev; and 21, Gilmore; such measurements 
become essential when ‘state’ changes occur: see 
Chapter 1 7, Allen and Mullineaux). Flere a simple way 
is chosen in an attempt to concentrate on aspects of 
practical relevance. For a first step in understanding 
fluorescence yield, it suffices to consider competition 
with photochemical energy conversion at the reaction 
centers, in particular when dealing with rapid fluo- 
rescence changes. In a second step, also competition 
with nonradiative energy dissipation into heat has to 
be considered, particularly when slow fluorescence 
changes are involved. 

A. Rapid Fluorescence Induction Kinetics 

Considering the competition of fluorescence with 
photochemical energy conversion, two extreme 
situations are possible (assuming the yield of heat 
dissipation is constant ). All reaction centers can be 
open (normal dark-adapted state) or closed (e.g., 
in saturating light), with fluorescence yield being 
minimal (Fo) or maximal (Fm), respectively. The 
difference between Fo and Fm is called ‘variable 
fluorescence,’ Fv. Plant leaves typically show Fm/Fo 
ratios of around 5 (corresponding to a Fv/Fm value 
around 0.8), which vary depending on the particular 
plant and the physiological conditions. Lower values 
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are found in most algae. When a dark-adapted sample 
suddenly is illuminated with sufficiently strong 
continuous light, fluorescence yield rises within 
fractions of a second from Fo to Fm. The kinetics of 
the fluorescence rise provides information on vari- 
ous steps of photosynthetic electron transport (see 
Chapter 12, Strasser et al). 

The interpretation of light induced changes 
in fluorescence yield is greatly facilitated by the 
empirical fact that variable fluorescence at room 
temperature originates from Photosystem II (PS II). 
There is, however, a contribution of non-variable PS 1 
fluorescence, which can be of considerable practical 
relevance, as it lowers the measured Fv/Fm (Pftindel, 
1998; Section IV.C; Chapters 9, Itoh and Sugiura; 
and 21, Gilmore). 

Light absorbed by PS II pigments results in Chi 
excitation, which is funneled by a special transfer 
mechanism into the reaction centers, where energy 
conversion by charge separation takes place (see a 
simple scheme in Fig. 2). The reaction center Chi 
(P680), and pheophytin (Pheo) function as primary 
donor and acceptor molecules of PS II, respectively. 
The ‘energy trapping’ process is completed when the 
separated charges are ‘stabilized’ by electron transfer 
from reduced Pheo to Q A on the acceptor side, and 
from Y z to oxidized P680 on the donor side. (For a 
complete description of electron transport in photo- 
synthesis, see Ke, 200 1 ). Under normal physiological 
conditions, the rate of energy conversion at PS II 
reaction centers is acceptor side limited and, hence, 
the fluorescence yield is controlled by the ‘quencher’ 
Q a (Duysens and Sweers, 1963). Upon onset of il- 
lumination, Q a as well as the secondary acceptor 
Q b will accumulate in their reduced forms, while at 
the same time sufficient electrons are available from 
H 2 0-splitting (oxygen-evolving-complex, (Mn) 4 ) for 
Y z and P680 re-reduction. This does not hold for the 
rapid induction kinetics in very strong light, which 
also reveal donor side limitations (Section VI. A). 

The relationship between Q~ and fluorescence yield 
is nonlinear (Joliot and Joliot, 1964), due to energy 
transfer between PS II reaction centers via common 
antenna domains. When a fraction of the reaction 
centers is closed, this does not lead to a proportional 
increase of fluorescence yield, if neighboring open 
centers can use the excitation energy. Therefore, a 
fluorescence change close to Fo may reflect consider- 
ably larger changes in Q A than the same change close 
to Fm. The extent of nonlinearity increases with the 
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Photochemical 
charge separation (P) 

Fig 2. Competition between the yields of fluorescence emission 
(F), photochemical energy conversion in Photosystem II (P) and 
heat dissipation (D). See text for further explanations. 

degree of ‘connectivity ’between PS II units (also see 
Chapter 12, Strasser et al. 

At moderate light intensities, upon onset of con- 
tinuous illumination the fluorescence yield rises in 
two steps to a peak level. A rapid initial rise is sepa- 
rated by an intermediate level from a major slower 
phase (typical example in Fig. 3a). In the presence of 
3 -(3 ,4-dichloropheny 1)- 1 , 1 -dimethylurea (DCMU), 
which prevents oxidation of Q~ by occupying the 
Q b binding site in the reaction center complex, the 
rapid phase is strongly increased at the cost of the 
slow phase. In both cases the fluorescence rise reflects 
the exhaustion of the available PS II acceptor pool. A 
measure of the acceptor pool size is given by the area 
between induction curve and the Fm-line (Malkin and 
Kok, 1966; Murataetal., 1966). The area in presence 
of DCMU corresponds to one electron per center, 
which can be stored on Q A , while the area in the 
control corresponds to approximately 1 5 electrons per 
center, mainly reflecting the PQ-pool. The acceptor 
pool size is larger in sun plants than in shade plants. 
The rise from Fo to the intermediate level partially 
reflects charge accumulation at the two-electron gate 
Q B (VelthuysandAmesz, 1974). Illumination initially 
causes accumulation of the semiquinone anion Q B in 
equilibrium with some Q A , before Q B can be formed, 
which after protonation is released into the PQ-pool. 
Part of the initial fluorescence rise appears to be due 
to a fraction of PS IT centers that are not connected to 
the PQ-pool (‘inactive PS IT; Chylla and Whitmarsh, 
1990; Cao and Govindjee, 1990; Lavergne and Leci, 
1993; Lavergne and Briantais, 1996). 
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F7g. 3. Induction kinetics of chlorophyll fluorescence upon onset 
of actinic illumination (AL). (a) Rapid induction kinetics of 
spinach chloroplasts in the absence and presence of 10 5 M 3- 
(3 ,4-dichlorophenyl)- 1 , 1 -dimethy lurea (DCMU ). Hatched areas, 
bound by the broken lines and the two curves, correspond to the 
size of the PS 11 acceptor pools. Fo, fluorescence yield measured 
in the absence of DCMU before onset of actinic illumination; 
Fm, maximal fluorescence yield reached during actinic illumina- 
tion; actinic intensity 250 /vmol photons m 2 s '. Modified from 
Schreiber et al. (1994). (b) Slow induction kinetics of spinach 
leaf in the presence and absence of oxygen. Actinic intensity 250 
/miol m 2 s '. Data from Schreiber et al. (1994). 



B. Slow Chlorophyll Fluorescence Changes 

With dark-adapted samples, after onset of illum- 
ination the initial rapid fluorescence increase is 
followed by a slower decline with complex kinetics 
(see Fig. 3b). This decline reflects the activation of 
photosynthetic electron transport, involving various 
regulatory processes. It has been known for a long 
time that the secondary fluorescence decline requires 
the presence of oxygen (Kautsky and Franck, 1943; 
Munday and Govindjee, 1969; Schreiber etal., 1971) 
and that photoreduction of 0 2 can prime C0 2 assimi- 
lation (Radmer and Kok, 1 976). Further research has 
revealed a particular role of ascorbate peroxidase 



in 0 2 -dependent electron flow in vivo (Asada and 
Badger, 1984; Schreiber and Neubauer, 1990; Sch- 
reiber et al., 1995c; Asada, 1999). Calvin-Benson 
cycle activity requires proton gradient formation 
and stroma alkalinization for enzyme activation and 
ATP formation. It is the 0 2 -dependent electron flow, 
i.e., 0 2 -reduction and the subsequent reduction of the 
formed H 2 0 2 , which is mainly responsible for ApH 
formation during the induction period and in other 
situations when C0 2 reduction is limiting. The rate of 
the decline of fluorescence yield, following the initial 
peak, is much higher in algae than in higher plant 
leaves. It is also higher in mosses and ferns. As the 
0 2 -dependent fluorescence decline is preceded by a 
rise to a peak, one may conclude that also 0 2 -reduc- 
tion requires activation, which appears to be faster 
in lower than in higher plants. 

Slow changes in fluorescence yield cannot be 
interpreted by considering changes in the Q A -redox 
state alone. Once a ApH is formed, this not only 
leads to ATP formation and activation of assimilatory 
electron transport, but also to complex changes at the 
level of pigment protein complexes and the reaction 
centers (review by Krause and Weis, 1991; Chapter 
10, Kramer et al.). Acidification of the thylakoid 
internal space not only leads to the de-epoxidation 
of violaxanthin to zeaxanthin, which can dissipate 
excitation energy in the antenna (reviewed by Dem- 
mig-Adams, 1990; also see Chapters 19, Bruce 
and Vasil’ev; 20, Golan et al.; 21, Gilmore; and 22, 
Adams and Demmig-Adams), but also slows down 
electron donation from the water splitting enzyme 
system to the oxidized primary donor P680, thus 
favoring energy dissipation by charge recombination 
(Schreiber and Neubauer, 1989; Crofts and Horton, 
1991; Krieger and Weis, 1993 ). Furthermore, also the 
distribution of absorbed light energy between PS II 
and PS I displays slow changes, which are related 
to ApH formation as well as to the redox state of the 
PQ-pool (review by Allen 1992; see also Chapters 1 7 
by Allen and Mullineaux, and 26 by Papageorgiou 
and Stamatakis). Hence, when dealing with an illu- 
minated sample that has developed a transthylakoid 
ApH, any change in fluorescence yield could be 
caused either by a change of photochemical energy 
utilization or of nonphotochemical energy dissipa- 
tion or by a change of energy distribution between 
the two photosystems, with very different functional 
implications. For example, an increase of fluorescence 
could either reflect accumulation of Q A , associated 
with inhibition of electron transport, or a decrease in 
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ApH, paralleled by stimulation of electron transport 
(uncoupling), or arelative increase of PS II excitation 
(state 1 formation ). This fundamental ambiguity had 
to be overcome before reliable information fr om slow 
fluorescence changes could be obtained. 



IV. Saturation Pulse Method of Quenching 
Analysis 

A. Principle of the Method 

The term ‘fluorescence quenching’ assumes that for 
every investigated sample a maximal fluorescence 
yield can be defined, which is observed when vari- 
ous potentially quenching, alternative deexcitation 
pathways are minimized. The latter may be divided 
into two basic categories, namely photochemical 
energy utilization by charge separation at the reaction 
centers of PS II, causing ‘photochemical quenching’ 
and nonradiative energy dissipation into heat, caus- 
ing ‘nonphotochemical quenching.’ Under normal 
physiological conditions, the photosynthetic appa- 
ratus of most plants reaches a relatively stable state 
after dark-adaptation, which is characterized by a 
fully oxidized state of the PS II acceptor, Q A , and 
absence of a transthylakoid proton gradient. Hence, 
in the dark-adapted state photochemical quenching is 
maximal and nonphotochemical quenching minimal . 
A prerequisite for evaluation of fluorescence quench- 
ing during illumination is reliable determination of 
the minimal and maximal fluorescence yields after 
dark adaptation, Fo and Fm, respectively, which can 
be readily carried out by PAM-fluorometry. Due to 
the extremely low measuring light intensity, Fo can 
be monitored continuously, without affecting the 
dark state, and a short pulse of saturating light can 
be applied for full reduction of Q A and assessment 
of Fm. These values of Fo and Fm obtained in the 
dark state serve as reference values for the evaluation 
of photochemical and nonphotochemical quenching 
in an illuminated sample by the saturation pulse 
method. 

The rationale of the saturation pulse method is 
simple. In any given state of illumination, Q A can 
be fully reduced by a saturation pulse, such that 
photochemical quenching is completely suppressed. 
During the saturation pulse, a maximal fluorescence 
yield, Fm', is reached, which generally is lower than 
the dark reference value, Fm. Assuming that nonpho- 
tochemical quenching does not change during a short 



saturation pulse, the lowering of Fm is a selective 
measure of nonphotochemical quenching. 

In order to quantify photochemical and nonphoto- 
chemical quenching, originally the quenching coef- 
ficients q Q (control by redox state of acceptor Q A ) and 
q E (control by energy state) were introduced (Dietz 
et al., 1985; Schreiber et al., 1986). These quench- 
ing coefficients define the two types of quenching in 
terms of the observed fluorescence lowering relative 
to total variable fluorescence. They can vary between 
0 and 1. It was first assumed that only variable 
fluorescence could be quenched nonphotochemi- 
cally. However, later it was shown that also the dark 
fluorescence level, Fo, can be lowered by strong 
energy-dependent quenching (Bilger and Schreiber, 
1986). In Fig. 4 the principle of quenching analysis 
by the saturation pulse method is outlined following 
the nomenclature proposed by van Kooten and Snel 
(1990 ). This nomenclature, which was agreed on by 
researchers at a workshop on practical applications of 
Chi fluorescence in Doorwerth, Netherlands, August 
1989, is widely accepted and has greatly facilitated 
the communication of fluorescence data. 

For determination of Fo' in the light state, the 
sample has to be transiently darkened and it has to be 
assured that Q A is quickly and fully oxidized, before 
there is substantial relaxation of nonphotochemical 
quenching. Far-red illumination can be applied for 
selective excitation of PS I in order to enhance oxida- 
tion of the intersystem electron transport chain. In 
some practical applications, however, Fo -determina- 
tion may be problematic, as e.g., in the field, when a 
sample cannot be transiently darkened. In this case, 
the extent of nonphotochemical energy dissipation 
can be described by the NPQ-parameter introduced 
by Bilger and Bjorkman (1990; see Fig. 4), which 
does not require knowledge of Fo'. Definition of 
nonphotochemical quenching in terms of NPQ as- 
sumes the existence of traps for nonradiative energy 
dissipation (like zeaxanthin) in an antenna pigment 
matrix (see reviews by Lavorel and Etienne, 1977; 
Butler, 1978). A close correlation between NPQ and 
the relative content of zeaxanthin was reported (Bilger 
and Bjorkman, 1990; Demmig-Adams, 1990). 

The saturation pulse method not only allows us 
to assess photochemical and nonphotochemical 
quenching parameters, but also to obtain a good es- 
timate of the quantum yield of energy conversion in 
PS II. The optimal quantum yield, which normally is 
observed after dark-adaptation, is well described by 
the fluorescence parameter (Fm - Fo)/Fm = Fv/Fm. 
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Fig. 4. Fluorescence quenching analysis by the saturation pulse method. Typical fluorescence levels and definition of basic fluorescence 
parameters. Fo. fluorescence yield of dark-adapted sample: Fm. maximal fluorescence yield of dark-adapted sample, reached during a 
saturation pulse: Fv, increase of fluorescence yield during saturation pulse: F. fluorescence yield observed at any time during illumination: 
Fm’. maximal fluorescence yield of illuminated sample, reached during a saturation pulse: Fo’, minimal fluorescence yield observed 
shortly after darkening of illuminated sample and reoxidation of the PS II acceptor side: qP, coefficient of photochemical quenching; 
qN. coefficient of nonphotochemical quenching: NPQ. nonpliolochcmical quenching parameter: Ml., measuring light: AL, actinic light: 
SP. saturation pulse. For further explanations, see text. From Schreiber et al. ( 1998). 



During illumination, the PS II quantum yield is 
lowered by closure of reaction centers (decreased 
photochemical quenching) and by stimulated heat 
dissipation ( increased nonphotochemical quenching ). 
The resulting ‘effective quantum yield of PS II’ was 
shown to correspond to the fluorescence parameter 
(Fm - F)/FnT = AF/FnT (Genty et al.. 1989). Notably, 
assessment of AF/FnT does not require knowledge 
of Fo'. The relationship between these fluorescence 
parameters and PS II quantum yield is discussed in 
more detail in Section V; also see Chapters 3. Baker 
and Oxborough; and 1 8. Krause and Jahns. 

B. Examples of Some Typical Applications 

Saturation pulses can be applied repetitively with- 
out substantially affecting the state of a sample. 
Therefore, the derived fluorescence parameters can 
be monitored quasi-continuously. with the obtained 
information largely exceeding that of fluorescence 
yield as such. For example. Fig. 5 shows dark-light 
induction curves of a spinach leaf in the presence 
and absence of CO,. Saturation pulses are applied 
every 10 s for the determination of Fm and Fm'. 
While the induction kinetics of fluorescence yield, 
F. ( Kautsky effect) are very similar with and without 
CO,, completely different induction kinetics of Fm' 



(and. hence, of nonphotochemical quenching) are 
observed. Both samples first show the same decline 
of Fm', reflecting the light induced formation of a 
transthylakoid ApFI. But then. ca. 1 min after onset 
of illumination, in the presence of CO, there is a 
remarkable increase of Fm ', whereas in the absence 
of CO, the decline of Fm' continues. When ca. 4 
min after onset of illumination CO, is added, also 
the Fm' of the originally CO,-free sample increases. 
Notably, these pronounced changes of Fm' are paral- 
leled by very small changes in the fluorescence yield. 
F. The obtained information relates to the activation 
of CO,-fixation in the Calvin-Benson cycle. In the 
given example, ca. 1 min after onset of illumina- 
tion Calvin-Benson cycle is sufficiently activated 
to assimilate the offered CO, and to consume ATP, 
with the consequence that ADP becomes available 
and the light-induced ApH now can be used for 
ATP-synthesis. Hence, while fluorescence yield as 
such monitors energy conversion at PS II centers, in 
conjunction with the saturation pulse method it also 
provides important information on reactions at the 
level of enzymatic dark reactions. Such informa- 
tion, which is immediately apparent in the induction 
kinetics of Fm', can be quantified by calculation of 
various fluorescence parameters, like qP. qN, NPQ 
and AF/Fm' (see Fig. 4). The last mentioned param- 
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Fig. 5. Dark-light induction kinetics of jluorescence with repetitive application of saturation pulses for quenching analysis. Spinach 
leaf in the absence and presence of C0 2 . A. Original recordings. B. Derived kinetics for the effective PS II quantum yield, AF/FrrT. AL 
= actinic light; ML = measuring light. See text for explanations. From Schreiber et al. (1994). 



eter, AF/Fm', is plotted in Fig. 5B. It may be noted reactions, which otherwise are difficult to assess, as 

that in the given example ca. 50% of the effective e.g., cyclic electron flow around PS II (Schreiber et 

steady-state quantum yield observed in the presence al., 1989; Section VA.3). 

of C0 2 is found even in the absence of C0 2 . Obvi- Dark-light induction curves with repetitively ap- 

ously, the remaining electron transport is capable of plied saturation pulses, as depicted in Figs. 5 and 6, 

creating a large ApH. As mentioned above (section have proven particularly useful for assessment of 

III.B), 0 2 -dependent electron transport involving the stress-induced damage of photosynthetic organisms. 

Mehler- Ascorbate-Peroxidase cycle is responsible for A typical example is presented in Fig. 7 that shows the 

this type of non-assimilatory electron flow. effect of relatively mild heat stress on leaves of Arbu- 

Modulated Chi fluorescence can be readily mea- tus unedo. It is apparent that already 5 min pretreat- 

sured in parallel with photosynthetic gas exchange ment at 36 °C causes a substantial slowdown of the 

using infrared gas analysis or oxygen polarography. rise of Fm' following the initial decline, suggesting 

In Fig. 6 an example of simultaneous measurements that Calvin-Benson cycle activity is affected at a very 

of a dark-light induction response of a spinach leaf early stage by heat stress. The same treatment does 

with PAM fluorometry and 0 2 -exchange using an 0 2 - not yet lead to an increase of Fo, which would reflect 

electrode is shown. The oxygen signal is presented as damage in PS II (Schreiber and Berry, 1977; Bilger 

the rate of 0 2 -evolution. The quenching coefficient et al., 1987). Very similar changes are induced by 

qP is calculated for every saturation pulse applied at water stress in Arbutus unedo (Schreiber and Bilger, 

20 s intervals. It is apparent that both signals show 1987). Again, the onset of Calvin-Benson cycle activ- 

very similar induction transients. Obviously, under ity is affected before any effect on PS II is observed, 

the given conditions, the rate of oxygen evolution is Obviously, the saturation pulse induction kinetics is 

closely correlated with the ‘openness’ of PS II reac- sensitive to a very early type of stress induced damage, 

tion centers. There are other situations, where such Plants that have experienced such primary damage 

close correlation does not hold (e.g., after certain normally continue to be exposed to natural daylight, 

stress treatments). Comparative measurements of which then is likely to cause secondary damage by 

fluorescence with gas exchange generally are infor- photoinhibition. The same light intensity, a plant 

mative; possible deviations may allow insights into can cope with when Calvin-Benson cycle is still 
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f/g. 6. Simultaneous recordings of Chi fluorescence and rate of oxygen evolution during dark-light induction of spinach leaf. Repetitive 
application of saturation pulses for assessment of photochemical quenching. Data from Bolhar-Nordenkampf et al. (1989). 




Time, min 

Fig. 7. Effect of heat-pretreatment on dark-light induction kinetics of Chi fluorescence with repetitive application of saturation pulses 
of Arbutus unedo. 5 min treatment at indicated temperatures and 5 min recovery at 22 °C before measurement. Actinic intensity, 150 
//mol photons m 2 s '. Data from Schreiber and Bilger (1987). 
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F/g.#. Relaxation of nonphotochemical quenching in Arbutus unedo following illumination at 1,700 //mol photons m 2 s 1 for 7 and 
85 min. Determination of coefficient of photoinhibitory nonphotochemical quenching, ql. (Fv) ln , maximal variable Chi fluorescence 
observed with dark-adapted leaf before photoinhibitory illumination or 45 min after 5 min illumination at 500 //mol photons m 2 s 1 
(non-photoinhibitory) (control, data not shown). 



intact, will become excessive when C0 2 -assimila- 
tion becomes limiting. Photoinhibitory damage will 
occur when the capacity of protective reactions, like 
the Mehler-Ascorbate-Peroxidase cycle (Schreiber 
andNeubauer, 1990; Schreiber et al, 1995c; Asada, 
1999) and the xanthophyll cycle (Demmig-Adams, 
1990; Demmig-Adams and Adams, 1992; Pfiindel 
and Bilger, 1994) become exhausted. 

Assessment of photoinhibition has become a 
widespread application of PAM fluorometry and 
the saturation pulse method. It had been known for 
a long time that photoinhibition causes a decrease of 
variable fluorescence, Fv (Bjorkman, 1987). Before 
introduction of PAM fluorometry, Fv used to be de- 
termined by measuring the light-induced fluorescence 
increase at liquid nitrogen temperature. Besides the 
fact that PAM measurements are much more easily 
carried out, they also have the decisive advantage of 
being nonintrusive (in contrast to the low temperature 
method), so that measurements can be repeated on 
the same sample over extended periods of time. In 
this way, development and recovery of photoinhibi- 
tion can be studied. 

For determination of maximal variable fluores- 
cence, (Fv) m , a sample must be dark adapted and 
the reversible part of nonphotochemical quenching, 
most of which is related to ApH-dependent membrane 
energization (Schreiber and Bilger, 1 987; Horton and 
Hague, 1988; Quick and Stitt, 1989), must be fully re- 



laxed. Following a non-photoinhibitory illumination, 
variable fluorescence, Fv, increases with biphasic ki- 
netics, reaching (Fv) m within 40 min (data not shown). 
In contrast, following photoinhibitory illumination, 
even after prolonged darkness full recovery of (Fv) m 
is not observed (see examples of recovery kinetics in 
Fig. 8 for two different photoinhibitory treatments). 
The nonphotochemical quenching persisting after ca. 
40 min darkness may be considered photoinhibitory. 
It is quantified by the quenching coefficient ql, with 
the quenched fraction corresponding to (Fv) m ql 
(Schreiber and Bilger, 1987). The extent of photoin- 
hibition may be overestimated, if the dark intervals 
between saturation pulses are too short, so that en- 
ergy dependent quenching is partially maintained. 
Furthermore, under certain conditions, the saturation 
pulses may support a shift from pigment state 1 to 
2, resulting in an increase of the fraction of energy 
distributed to PS I, which causes state-dependent 
nonphotochemical fluorescence quenching (Horton 
and Hague, 1988; Quick and Stitt, 1989; Schreiber 
et al., 1995b; Bukhov et al., 1996; Chapter 17, Al- 
len and Mullineaux). In general, the intrusiveness 
of saturation pulses increases with their intensity, 
length and frequency, whereas it decreases with the 
intensity of ambient light. Saturation pulses at intensi- 
ties exceeding 5,000 //mol photons nr 2 s _I even may 
cause significant photodamage (Shen et al., 1996; 
Apostol et al., 2001). 
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C. Contribution of Photosystem (PS) I Fluo- 
rescence and Other Background Signals 

For the sake of simplicity, in most fluorescence studies 
the tacit assumption is made that at room temperature 
the measured fluorescence originates exclusively 
from PS II. In reality, however, this is only true for 
variable fluorescence, while depending on the organ- 
ism and measuring conditions, PS I may contribute a 
more or less large background signal (Adams et al., 
1990a; Gentyetal., 1990; Pfundel, 1998; Gilmore et 
al., 200 1 ; Chapter 9, Itoh and Sugiura). Normally, PS I 
is donor-side limited, and variable PS I fluorescence 
is either quenched photochemically (when P700 is 
reduced) or nonphotochemically (when P700 is oxi- 
dized). Knowledge of the PS I background signal is 
essential for quantitative determination of AF/Fm ' and 
NPQ, but not for qP and qN. Pfundel (1998) estimated 
the PS I contribution to total Fo at wavelengths greater 
than 700 nm to be about 30% and 50% in C3 and C4 
plants, respectively. The corresponding values for Fm 
were 6% and 12%. It is generally assumed that the 
contribution of PS I to fluorescence at wavelengths 
below 700 nm is negligibly small. In principle, it is 
possible to apply blue measuring light and to specifi- 
cally assess PS II fluorescence at wavelengths below 
700 nm by placing a short-pass filter in front of the 
fluorescence detector. Flowever, in particular when 
dealing with leaves, short-wavelength fluorescence is 
weak due to strong reabsorption, such that a consider- 
able part of the signal is sacrificed when excluding 
long wavelength fluorescence. 

Genty et al. (1990 ) suggested that the part of Fo, 
which is originating from PS I cannot be quenched 
nonphotochemically and developed a simple ex- 
trapolation method for its determination. Using this 
method these authors estimated a PS I contribution 
of 30% and 50% to Fo in barley and maize, respec- 
tively. Once the PS I contribution is known, it can be 
subtracted from Fm' in order to calculate the correct 
AF/Fm'. With increasing PS I contribution, the ap- 
parent AF/Fm' is decreased. 

The apparent AF/Fm' is decreased not only by PS I 
fluorescence, but by any non-PS II-Chl background 
signal, which trivially may originate from the measur- 
ing system (e.g., fluorescence of optical components) 
or more seriously from non-PS II-Chl fluorescence 
of the investigated sample. For example, in cyano- 
bacteria besides the fluorescence from PSI Chi, al- 
lophycocyanin fluorescence also contributes to the 
background signal, which explains the relatively small 



extent of variable fluorescence generally observed in 
these organisms. The contribution of a background 
signal has to be taken into account, if a quantitative 
assessment of AF/Fm' (or NPQ ) is essential. In most 
practical applications, however, only relative changes 
are of interest. While the background signal due to 
optical components and to PS I fluorescence of green 
plants normally can be considered constant, this is 
not always true for cyanobacteria. Allophycocyanin 
fluorescence is stimulated upon functional detach- 
ment of phycobilisomes (Schreiber, 1979, 1980). 
Furthermore, cyanobacteria show pronounced dark- 
light-dark changes of energy distribution between the 
two photosystems, leading to large variations in the 
ratio of PS II/PS I fluorescence yields (review by Al- 
len, 1992; Chapter 17, Allen and Mullineaux). Such 
changes can be studied without interference of pho- 
tochemical quenching in the presence of DCMU. As 
an example Papageorgiou and co-workers have shown 
osmotic regulation of phycobilisome-sensitized Chi 
a fluorescence in cyanobacteria (Papageorgiou and 
Alygizaki-Zorba, 1997; Papageorgiou et al., 1999; 
Stamatakis and Papageorgiou, 2001; Chapter 29, 
Papageorgiou and Stamatakis). The latter work is a 
good example of an application of PAM fluorometry 
in the study of physiological changes going beyond 
the usual assessment of photosynthetic activity. 

D. Heterogeneity of Fluorescence Signal 

The saturation pulse method, as outlined above, is 
of outstanding simplicity, a feature that has greatly 
contributed to its success during the past 18 years. 
Standard PAM fluorometry integrates over large 
sample areas containing millions of cells and the ob- 
tained fluorescence parameters represent the average 
response of the sample. This approach makes sense 
from a practical point of view, as it assures a high sig- 
nal/noise ratio and high reproducibility. On the other 
hand, it should be realized that the overall fluorescence 
signal is composed of a number of components that 
may display quite different properties. 

Functional heterogeneity of PS II is primarily based 
on structural differences at the level of PS II acceptor 
and donor sides as well as PS II interactions with other 
components of the thylakoid membrane. There is a 
vast amount of literature on PS II heterogeneity with 
numerous types of postulated ‘fluorescence quench- 
ers’ (for reviews, see Black et al., 1986; Govindjee, 
1990; Melis, 1991; Lavergne and Briantais, 1996). 
Somewhat surprisingly, a substantial fraction of PS II 
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centers has been characterized as being ‘inactive’ 
with respect to linear electron transport (Chylla et 
al., 1987; Chylla and Whitmarsh, 1990; Cao and 
Govindjee, 1990; Lavergne and Leci, 1993). Such 
heterogeneities have been an important topic of basic 
photosynthesis research, with Chi fluorescence being 
the most informative tool. Detection and quantifica- 
tion of heterogeneous populations of PS II, like a 
and p centers (Melis and Homann, 1976; Melis and 
Duysens, 1979; Melis and Schreiber, 1979), normally 
involves measurements of dark-light induction kinet- 
ics, often in the presence of PS II inhibitors, in order to 
avoid interference of electron transport beyond PS II. 
Hence, the assessed heterogeneity is characteristic 
for the dark-adapted and inhibited state that may 
differ considerably from the regulated steady state 
during continuous illumination, which is relevant 
for photosynthetic performance of a plant in vivo. 
In view of the fact that measured quantum yields 
of photosynthesis in vivo are close to the maximum 
theoretical quantum yield (Graan and Ort, 1986; 
Bjorkman and Demmig, 1987; Long et al., 1993), 
there is no room for substantial PS II inefficiency 
under normal physiological conditions. On the other 
hand, heterogeneous populations of PS II may well 
be expected in view of the known topography of the 
thylakoid membrane of green plants (for review see 
Melis, 1991), with 70-80% of PS II being localized 
in the stacked grana region and the remaining PS II 
found in the stroma-exposed region of the thylakoid 
membrane. Considering that PS I as well as the re- 
versible ATP-ase are found only in the latter region, 
functional PS II heterogeneity may be expected. 
Physiologically regulated changes in the distribu- 
tion of the pigment-protein complexes within the 
membrane (for review see Allen, 1992; see Chapter 
17, Allen and Mullineaux) will give rise to dynamic 
changes of PS II heterogeneity. While the saturation 
pulse method does not distinguish between different 
PS II populations, the general rationale of quantum 
yield assessment applies to all types of PS II (Sec- 
tion VA.l). 

A very basic aspect of Chi fluorescence hetero- 
geneity was addressed by Schreiber and Krieger 
(1996), who argued on the basis of the reversible 
radical pair model of PS II (Schatz et al., 1988) that 
variable Chi fluorescence consists of two different 
fractions, which are affected differently by nonra- 
diative radical pair recombination at PS II reaction 
centers. This aspect bears considerable consequences 
for the interpretation of fluorescence data measured 



under conditions favoring a high quantum yield of 
nomadiative radical pair recombination and will be 
dealt with in more detail in Section VI.C. 

Besides the functional heterogeneity of Chi fluores- 
cence, sample heterogeneity must also be considered. 
There is a gradient of intensities of measuring and 
actinic light across a leaf that depends on wavelength 
as well as on absorbance and scattering properties 
of the leaf (for review see Vogelmann, 1993). The 
overall fluorescence signal originates from different 
chloroplast layers, displaying different photosynthetic 
activities. The relative contribution of deeper layers 
can be minimized by using red or blue measuring 
light, which is strongly absorbed in the uppermost 
cell layers, and by measuring short wavelength fluo- 
rescence (< 700 nm), the detected part of which is 
unlikely to originate in deeper layers because of its 
strong reabsorption. For assessment of photosynthetic 
performance in deeper tissue layers special microfiber 
techniques were developed (Section VII.B.2). There 
can also be lateral heterogeneities of fluorescence 
yield and photosynthetic activity over the surface of 
a leaf, which are not ‘differentiated’ by standard PAM 
fluorometry. In recent years, considerable progress 
has been made in the development of instrumenta- 
tion for fluorescence imaging (Section VII.C and 
Chapters 14, Nedbal and Whitmarsh; 15,Oxborough; 
and 28, Lichtenthaler and Babani). Alternatively, 
heterogeneities over the surface of a sample can be 
also studied by standard PAM fluorometry, combined 
with epifluorescence microscopy (Section VII.B.l). 

Largely heterogeneous fluorescence responses are 
found in natural surface water samples with mixed 
phytoplankton populations. While fluorescence mea- 
surements have proven very useful for assessment of 
phytoplankton biomass even when mixed responses 
were analyzed (Chapters 16, Moya and Cerovic; 30, 
Falkowski et al.; and 3 1 , Raven and Maberly), special 
techniques were developed, which can differentiate 
between the responses of the major groups of phy- 
toplankton on the basis of their differences in Chi 
fluorescence excitation spectra (Section VILA). 

In view of the numerous types of potential hetero- 
geneities in fluorescence responses, it is clear that 
determination of absolute values of fluorescence 
parameters is problematic. Actually, in most practi- 
cal applications relative changes of fluorescence 
parameters are of primary interest (see, however, 
discussions in Chapters 17, Allen and Mullineaux; 
19, Bruce and Vasil’ev; and 21, Gilmore). 
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V. Assessment of Quantum Yield and Rela- 
tive Electron T ransport Rate 

A. Relationship Between Fluorescence Yield 
and PS II Quantum Yield 

1. Simple Derivation Based on Law of Energy 
Conservation 

The relationship between fluorescence yield and 
quantum yield of PS II is of fundamental importance 
for all practical applications of Chi fluorescence. 
Theoretical derivations are based on the competition 
of fluorescence emission with other pathways of exci- 
ton de-excitation, the details of which depend on the 
assumed model of exciton dynamics in the antenna 
system and of trapping at the reaction centers (see 
review by Dau, 1994). For the uninitiated, such theo- 
retical derivations often are difficult to follow, with 
the consequence that uncertainty and even confusion 
may remain. Therefore, here, a well-known and well- 
established very general approach will be presented, 
which does not require any specific model. The fol- 
lowing derivation essentially is based on the law of 
energy conservation and the assumption that during 
a saturation pulse the ratio of the rate constants of 
fluorescence emission and nonradiative deexcitation 
does not change. 

( 1 ) The sum of the quantum yields ( <T> ) of pho- 
tochemistry (P), fluorescence (F) and nonradiative 
de-excitation (D) is unity: 

<h p + <h F +<h D = 1 or <f> p = 1 - <h F - <f> D (1) 

(2) Upon application of a saturation pulse, the 
photochemical quantum yield, 4> p becomes zero, 
while the remaining yields assume maximal val- 
ues: 

< I , Fm + < I , Dm=l0r<f> Dm =l-<f) Fm (2) 

(3) It is assumed that the ratio between fluores- 
cence and nonradiative de-excitation does not change 
during a short saturation pulse: 

= ( 3 ) 

(4) By combining equations 2 and 3 , <h D can be 
expressed in terms of fluorescence yield: 

*» = %/***-% ( 4 ) 



(5) By combining equations 1 and 4, <f> p can be 
expressed in terms of fluorescence yield: 

<£> p = 1 - <f> F - <f> F / 4> Fm + <h F = (<f> Fm - %) / 4> Fm 

( 5 ) 

(6) In practice, the photochemical quantum 
yield of PS II (with the definition (fin = <J> P ) can be 
either assessed after dark-adaptation or during il- 
lumination. After dark-adaptation, the fluorescence 
yield is defined as Fo and the maximal fluorescence 
yield induced by a saturation pulse is Fm. During 
illumination the fluorescence yield is defined as F, 
with the maximal yield induced by a saturation pulse 
being Fm' (see Fig. 4). The photochemical quantum 
yield after dark adaptation normally corresponds to 
the ‘optimal quantum yield’, which is lowered by 
illumination to an ‘effective quantum yield’. Hence, 
the following fluorescence expressions for determin- 
ation of PS II quantum yield are obtained: 

Optimal quantum yield: 

(4>„) max = (Fm - Fo)/Fm = Fv/Fm (6) 

Effective quantum yield: 

<f>„ = (Fm' - F)/Fm' = AF/Fm' (7) 

A thorough theoretical derivation of the relation- 
ship between the quantum yields of PS II photochem- 
istry and fluorescence was presented by Lavergne and 
Trissl (1995), which was based on a detailed model 
of exciton dynamics derived from picosecond fluo- 
rescence lifetime measurements (Schatz et al., 1988; 
Roelofs etal., 1992). It may be considered reassuring 
that the expression derived by these authors was quite 
similar, although not identical, to the simple expres- 
sions derived above, with the possible deviation being 
estimated to be rather small (ca. 14% underestimation 
of eh,,). Actually, in practice larger deviations may be 
caused by other factors (see below). 

2. Experimental Evidence for Close Corre- 
spondence 

Numerous laboratories have presented experimental 
evidence for a close relationship between <I>„ and 
Fv/Fm (as well as AF/Fm') for a number of different 
plant species under a variety of physiological condi- 
tions (Genty et al., 1989; Seaton and Walker, 1990; 
Krall and Edwards, 1991; Oberhuber et al., 1993; 
Hormann et al., 1994; Schreiber et al, 1995a; Earl 




Chapter 11 PAM Fluorometry 



295 



and Tollenaar, 1998; Gilbert et al., 2000; Chapter 
3, Baker and Oxborough; Chapter 30, Falkowski et 
al.). While the original data of Genty et al. (1989) 
showed a linear relationship between <E>„ and AF/Fm', 
later work revealed nonlinearity in the range of high 
values, i.e., low photon flux densities (Seaton 
and Walker, 1990). The observed nonlinearity was 
particularly pronounced in C 3 plants at elevated 02- 
concentration, whereas C 4 plants showed a close to 
linear relationship independent of 0 2 -concentration 
(Krall and Edwards, 1 990). These findings suggested 
that photorespiratory electron flow or the Mehler- 
Ascorbate-Peroxidase cycle are likely to cause at 
least part of the nonlinearity. 

However, a pronounced deviation from linearity 
at high <!>,, values was also observed with isolated 
chloroplasts using ferricyanide or methylviologen as 
electron acceptor (Hormannetal., 1994; Schreiberet 
al., 1995a). As shown in Fig. 9, there is a quite robust 
basic relationship under a variety of experimental 
conditions. A linear relationship holds over a wide 
range of fl>„ values. In the coupled state, significant 
deviation from linearity occurs only at light intensi- 
ties below approximately 30 /mol photons m 2 s' 1 
(photosynthetically active radiation, PAR). While in 
vitro measurements with isolated chloroplasts give 
reliable results even in this low intensity range, in vivo 
measurements of electron transport by gas exchange 
are problematic, not only because of a low signal/ 
noise, but also because of overlapping respiratory gas 
exchange (Oberhuber et al., 1993; Schreiber et al., 
1995a). Furthermore, at low light intensities cyclic 
electron flow around PS II may compete with linear 
electron flow. With decreasing quantum flux densities 
and, hence, increasing times between S-state advance- 
ment, the probability for S-state deactivation by the 
PS II acceptor side increases (Renger, 1973). (For a 
discussion of the relationship of PS II reactions with 
Chi fluorescence, see Chapter 8, Shinkarev.) 

3. Possible Deviation from Linearity due to 
Cyclic PS II 

The potential role of cyclic PS II in affecting the rela- 
tionship between O,, and AF/Fm' at low PAR-values 
can be judged from experiments with ADRY-reagents 
(Acceleration of the Deactivation Reactions of the 
watersplitting enzyme system Y; Renger, 1973) like 
carbonylcyanide-m-chlorophenylhydrazone(CCCP) 
or2-(3-chloro-4-trifluoromethyl)-anilino-3,5-dinitro- 
thiophene ( ANT-2p), which artificially enhance cyclic 




Os, mol Fecy/mol quanta 

Fig. 9. Single curvilinear relationship between apparent quantum 
yield of PS II, AF/Fm and quantum yield of ferricyanide reduction 
in spinach thylakoids under a variety of conditions. The quantum 
yield was varied by light intensity (7 to 3080 //mol photons nr 2 s ’) 
in the coupled and uncoupled state (0.5 //M nigericin or 0.5 juM 
nigericin + 0.5 //M valinomycin) or by addition of increasing 
DCMU concentrations ranging from 15 nM to 1 //M at 16 //mol 
photons nr 2 s ’. Ferricyanide (Fecy) concentration, 0.25 mM. 
Os, quantum yield of ferricyanide reduction (mol Fecy per mol 
photons). Modified from Hormann et al. (1994). 



PS II flux (Heber etal., 1979; Schreiber etal., 1989; 
Heimann, 1 998). On the one hand, an ADRY-reagent, 
like ANT-2p, inhibits linear electron transport and 
on the other hand it substantially stimulates photo- 
chemical fluorescence quenching and the effective 
quantum yield, AF/Fm'. This paradoxical behavior 
does not question the basic relationship between 
O,, and AF/Fm' derived above (Section VA.l). It is 
clear that fluorescence cannot distinguish between 
primary energy conversion leading to linear or cyclic 
electron transport. The question is whether the same 
or a similar pathway does play a significant role under 
physiological conditions. As suggested above, it may 
well occur at low light intensities. On the other hand, 
Paul Falkowski and co-workers reported evidence for 
cyclic PS II at high quantum flux densities (Falkowski 
et al., 1986a; Prasil et al., 1996) on the basis of si- 
multaneous measurements of fluorescence yield and 
0 2 -evolution. At PAR-values above 200 //mol photons 
nr 2 s _l these authors observed a decline of 02 -evolu- 
tion yield to zero, without a corresponding decline of 
O n calculated from fluorescence parameters, which 
remained constant at 20-40% of its maximal value. 
For an understanding of this surprising observation, 
which is not confirmed by corresponding PAM-data 
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(see e.g., Fig. 9), it is important to note that Falkowski 
and co-workers apply a different technique for de- 
termination of maximal fluorescence yield, on which 
calculation of <J> H is based (Sections VI.B and VI.C; 
Chapter 30, Falkowski et al. ). 

B. Relative Electron Transport Rate and Light 
Response Curves 

As outlined above, the fluorescence parameter AF/ 
Fm' has been experimentally proven to be a reliable 
measure of PS II quantum yield for a variety of plants . 
Using PAM fluorometry and the saturation pulse 
method, AF/Fm ' can be readily measured with a plant 
in situ under natural light conditions. For evaluation 
of the obtained information, knowledge of the ambi- 
ent quantum flux density (PAR ) and of temperature 
is essential. If, for example, a sample shows a low 
AF/Fm', this could be due to an intrinsic deficiency 
(e.g., stress induced damage) or to high ambient PAR 
or to low ambient temperature. Therefore, special 
microquantum-temperature sensors were developed, 
which assess incident PAR (in //mol photons nr 2 s -1 ) 
and temperature (in °C) at the very site of a sample 
where fluorescence is measured (Bilger et al., 1995). 
For estimating the relative electron transport rate, 
ETR, the PAR apportioned to PS II is decisive. As 
normally information on energy distribution is not 
available, it is assumed that photons are evenly distrib- 
uted between the two photosystems. This assumption 
may be considered reasonable during steady state 
illumination, when the turnover rates of PS I and 
PS II are equal. Possible cyclic electron transport 
around PS I or PS II would cause deviations. It also 
has to be considered that only part of the incident 
light is absorbed. If no information on absorbance 
is available, it may be assumed that an average leaf 
absorbs about 84% of incident PAR (Bjorkman and 
Demmig, 1987). Hence, the following expression 
may serve for an estimate of the relative electron 
transport rate in leaves: 

Rel. electron transport rate = ETR 

= 0.84 • 0.5 • PAR • AF/Fm' 

= 0.42 • PAR • AF/Fm' (8) 

Even if, as often is the case in practice, the absolute 
values of PS II absorbance and PS II quantum yield 
are uncertain, the relative changes of ETR with envi- 
ronmental parameters can be very informative. This 
is particularly true for the change of ETR with PAR. 



Plots of ETR versus PAR give light response curves. 
In analogy to corresponding curves obtained from gas 
exchange measurements (so-called P-I curves, with 
P standing for the rate of photosynthesis and I for 
the quantum flux of photosynthetically active radia- 
tion, PAR), the slope at low PAR reflects maximal 
photosynthetic quantum yield (parameter a) and the 
plateau reached at light saturation is a measure of 
photosynthetic capacity (ETR max , equivalent to the 
parameter P^, defined as maximal gas exchange 
rate in P-I curves). The parameter I k = a/P^ is a 
convenient measure of the PAR-value above which 
saturation becomes dominant. While healthy leaves 
are characterized by similar maximal quantum yields 
(0.80-0.85), they may display very different photo- 
synthetic capacity, depending on their long-term light 
adaptation state during growth. Typical examples 
of light response curves of a sun leaf of Helianthus 
tuberosus and a shade leaf of Fagus sylvatica are 
shown in Fig. 10. The potential rates at maximal 
quantum yields are defined by the initial slope lines. 
The deviation of the measured ETR from the potential 
ETR (i.e., if maximal quantum yield were effective 
at given PAR) is a measure of ‘intrinsic limitation,’ 
which increases with PAR, and can be quantified 
by the expression a/(a + b) (see Fig. 10). This ra- 
tio (without dimensions) can be also considered a 
measure of ‘excessive light intensity’ (Demmig and 
Winter, 1988; Bjorkman and Demmig- Adams, 1994; 
Schreiber et al., 1994). In the examples of Fig. 10, 
‘intrinsic limitation values’ of 0.54 and 0.84 can be 
calculated for the sun leaf of Helianthus tuberosus 
and the shade leaf of Fagus sylvatica, respectively, 
at an irradiance of 1,250 //mol photons nr 2 s _1 . (For 
a further discussion on differences between leaves of 
sun and shade plants see Chapter 28, Lichtenthaler 
and Babani.) 

In the case of leaves a quantitative comparison of 
absolute rates (e.g., as measured by gas exchange) 
and estimated rates based on PAM fluorometry is dif- 
ficult due to the fact that the measured fluorescence 
primarily originates from the surface, whereas gas 
exchange also includes deeper layers. Hence large 
heterogeneities of effective light intensity have to 
be considered and a quantification of absorbed PAR 
is problematic. A more quantitative comparison is 
possible with dilute suspensions using a cuvette with 
defined optical geometry that allows homogenous il- 
lumination and determination of the absorbed PAR. 
Gilbert et al. (2000 ) compared light response curves 
of various phytoplankton species measured simul- 
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Fig. 10. Comparison of light response curves of sun leaf of Helianthus tuberosus and shade leaf of Fagus sylvatica. The potential rates 
at maximal PS II quantum yield are defined by the initial slope lines. The expression a/(a+b) is a measure for rate limitation at a given 
light intensity. The abscissa scale (PAR //mol m 2 s l ) refers to the photon flux density of photosynthetically active radiation. Data from 



taneously by PAM fluorometry and 0 2 -polarography. 
They reported a surprisingly close correspondence 
on an absolute scale of the light response curve fit 
parameters a, I k and P max (see definitions above). This 
was particularly true for diatoms. With green algae 
the fluorescence derived maximal rate (P max ) was 
ca. 20% higher than measured gross (Revolution, 
probably due to the Mehler-Ascorbate-Peroxidase 
cycle (Schreiber et al., 1995c). In the case of cyano- 
bacteria larger deviations were observed (up to 1 00%), 
presumably caused by respiratory 0 2 -uptake, or by 
dynamic changes in PS II optical cross section (via 
reversible state 1 -state 2 transitions; Chapter 17, Al- 
len and Mullineaux). 

In principle, in order to be comparable with con- 
ventional P-I curves measured by gas exchange, at 
each PAR-value of a light response curve, sufficient 
time should be given to the sample to reach steady 
state during illumination. In practice, however, this 
often is neither possible nor desired. Actually, even 
with illumination intervals as short as 10 s, relevant 
information on the saturation characteristics of 
electron transport can be obtained (Schreiber et al., 
1997; White and Critchley, 1999; Rascher et al., 
2000). Such ‘rapid light curves’ depend strongly on 
the momentary state of light adaptation of a sample 
and, hence, vary considerably during the course of 
a day. The maximal relative electron transport rate, 
ETR max , reached during rapid light curves generally 
increases during the morning, shows a dip at noon 
(mid-day depression) and increases again towards 
the evening (Ralph et al., 1999). Diurnal changes 



in ETR lliax reflect the photosynthetic performance 
of a plant in its natural environment. The obtained 
information exceeds that of AF/Fm' measured under 
ambient light conditions, as with each rapid light 
curve the performance over a wide range of light 
intensities is assessed and maximal capacity is de- 
termined. This approach is particularly useful under 
rapidly changing light conditions, as e.g., encoun- 
tered by underwater plants or plants at the bottom 
of the rainforest (sun flecks). As rapid light curves 
are measured in artificial light, the measurement as 
such is not affected by the ambient light fluctuations. 
On the other hand, the integrated light history of the 
sample is reflected in the particular characteristics 
of the rapid light curve. 



VI. Intrinsic Heterogeneity of Variable 
Chlorophyll Fluorescence 

Determination of maximal fluorescence yield, Fm 
or Fm', is of central importance for the quenching 
analysis using the saturation pulse method. As out- 
lined in section VA.l, this method is based on the 
assumption that during a saturation pulse the quantum 
yield of photochemical energy conversion transiently 
is suppressed to zero and that the quantum yield of 
nonradiative energy dissipation does not change. 
Whether or not the latter assumption is justified de- 
pends on the interpretation of the detailed kinetics 
of the fluorescence rise during a pulse of saturating 
light, the properties of which reveal a fundamental 
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intrinsic heterogeneity of variable fluorescence. 
As this heterogeneity is based on the peculiarities 
of PS II photochemistry as such, it is distinct from 
heterogeneities involving different types of cells or 
populations of PS II centers (Section IVD.). While 
existence of the latter does not affect the saturation 
pulse method as such, the intrinsic heterogeneity of 
variable fluorescence bears on the very principle of 
this method. A deeper understanding of the underlying 
mechanisms may either question or support its general 
applicability. Therefore, this aspect is given particular 
attention here (see discussions of the same topic in 
Chapters 6, Vredenberg; 19, Bruce and Vasil’ev; 30, 
Falkowski et al.). 

A. Polyphasic Rise of Fluorescence Yield 
upon Onset of Saturating Light 

In standard applications of PAM fluorometry, the 
effect of a saturation pulse is just recorded as a 
spike reflecting the increase of fluorescence yield to 
a maximal level of Fm or Fm'. In order to resolve 
kinetic details of this fluorescence change, the light- 
on characteristics as well as time resolution of the 
detector system have to be fast. As was first shown 
by Deslosme (1967), the fluorescence rise upon 
onset of saturating light is polyphasic, consisting of 
two fundamentally different parts, so-called ‘photo- 
chemical’ and ‘thermal’ phases, with the latter com- 
prising 30-50% of the total rise. A detailed study of 
the polyphasic fluorescence rise has revealed that the 
thermal part actually consists of several subphases, 
which are affected differently by preillumination, 
electron acceptors and inhibition of the PS II donor 
and acceptor sides (Schreiber, 1986; Neubauer and 
Schreiber, 1987; Schreiber and Neubauer, 1987; 
Chapter 12, Strasser et al.). As shown in Fig. 11, 
fluorescence rises in the photochemical phase from 
Fo to a first intermediate level, I, (also called ‘ J’), and 
then in two thermal phases via a second intermediate 
level, I 2 (also called T), to a peak level, P, which in 
dark adapted samples is equivalent to Fm. Whereas 
the rate of the photochemical phase is limited by light 
intensity, the rate of the thermal phases saturates at 
high light intensity (ca. 1 ,500 //mol photons m V), 
with the consequence that maximal fluorescence 
cannot be reached within less than about 200 ms. 
The I, level (‘J’) increases with light intensity, satu- 
rating at distinctly higher intensities than the thermal 
phases (ca. 10,000 //mol photons m 2 s -1 , Neubauer 
and Schreiber, 1987). More recently, Reto Strasser 
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Fig. 11. Polyphasic Chi fluorescence rise in spinach leaf upon onset 
of saturating light as measured with Pulse Amplitude Modulation 
(PAM) fluorometer. Notations: Fo, dark-level fluorescence yield, 
monitored with weak measuring light (ML); I,, first intermediate 
level (also called ‘J’); I 2 > second intermediate level (also called 
‘I’); P, peak level reached in saturating light, equivalent to maximal 
fluorescence yield, Fm. Modified from Schreiber et al. (1994). 



and co-workers have studied the polyphasic rise using 
a nonmodulated measuring system and have demon- 
strated its analytical value in numerous applications 
(Strasser and Govindjee, 1992; Sri vastavaetal., 1995; 
Strasser et al., 1995; B. Strasser, 1997; Stirbet et al., 
1998; Chapter 12, Strasser et al.). Strasser and Go- 
vindjee (1992) chose a different nomenclature, with 
O-J-l-P corresponding to 0-I,-I 2 -Fm. The reasons for 
their choice are given in Strasser et al. (1 995). One of 
the reasons was that these authors first did not realize 
the equivalence of the various levels determined by 
modulated and nonmodulated measuring systems, 
and the other was the simplicity of the new format . It 
should be noted, however, that I, (measured by PAM 
fluorometry) is defined for saturating light intensity 
(see above). Hence, equivalence of 1, to J (measured 
by nonmodulated system) can be expected only, if the 
latter is also assessed at saturating intensity. 

The polyphasic rise of fluorescence yield upon 
onset of saturating light is very similar in a large 
variety of photosynthetic organisms and, hence, 
seems to reflect fundamental properties of PSII. Wliile 
the rise from Fo to I, (or ‘J’) can be understood in 
a conventional way as representing the kinetics of 
Q a accumulation, an interpretation of the thermal 
phases is more difficult. In this context, the following 
observations are relevant: 

• DCMU eliminates the thermal phases, with the 
amplitude of the remaining photochemical phase 
being raised close to the Fm-level (Neubauer and 
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Schreiber, 1987; Schreiber and Krieger, 1996; 
Schreiber et al., 1998) (see also Fig. 12 above). 

• Hill reagents, like ferricyanide and methyl- 
viologen, specifically eliminate the 1 2 -Fm (or 1 to 
P) phase (Neubauer and Schreiber, 1987; Hormann 
et al., 1994). 

• Preillumination by saturating single turnover 
flashes causes lowering of I, (or J), which follows a 
period-4 oscillation (S-state dependent quenching) 
(Delosme, 1971; Joliot and Joliot, 1973; Schreiber 
and Neubauer, 1987; Srivastava etal., 1999). 

• All treatments known to slow down electron 
donation to P680 + preferentially suppress the 
thermal phases (I,-I 2 -Fm or J-I-P), thus resulting 
in a corresponding lowering of Fv/Fm (Schreiber 
and Neubauer, 1987; B. Strasser, 1997). 

• Only highly active samples with intact thylakoid 
membranes display high Fv/Fm values, with a 
large contribution of the I,-I 2 (or J to I) phase 
to variable fluorescence (Schreiber and Krieger, 
1996; see also Fig. 12). 

• The I,-I 2 (or J to I) phase is paralleled by a decrease 
of the electric field-indicating electrochromic 
bandshift around 5 1 5 nm ( Schreiber and Neubauer, 
1990). 

• The fluorescence yield observed briefly after a 
saturating single turnover flash is close to the 
I, (or J) level (Schreiber, 1986; Schreiber et al., 
1995a; Schreiber and Krieger, 1996; Samson and 
Bruce, 1996). 

• The half-rise time of the O-I, (or O to J) phase is 
almost identical in the absence and presence of 
DCMU. 

In view of the last two observations it may be 
concluded that Q A is fully reduced at I, (or J) and that 
the fluorescence yield at that point is lowered with 
respect to Fm by a special type of nonphotochemi- 
cal quenching. As this quenching disappears during 
the thermal phases (I,-I 2 -Fm or J-I-P), it does not 
affect Fm-determination by PAM-fluorometry and 
the standard saturation pulse method. However, the 
possibility has to be considered that at least part of this 
quenching is already present before application of a 



saturation pulse. In this case, assessment of maximal 
fluorescence yield at I, or I 2 (J or I) possibly would 
be more appropriate than at Fm (or P). In order to 
solve this question, the nature of the quenching at I, 
and I 2 (J and I) has to be clarified. 

Based on the effects of DCMU and Hill reagents 
(see above) it was suggested that the quenching at I 2 
(or I) is caused by oxidized plastoquinone ( Schreiber, 
1986; Neubauer and Schreiber, 1987). Nonphoto- 
chemical quenching by oxidized plastoquinone 
(PQ-quenching) was first reported by Vernotte et 
al. (1979). Whereas this type of quenching is rather 
weak in intact organisms (5-15% lowering of Fm), it 
is considerably enhanced in fractionated membrane 
preparations (Van Gorkom et al., 1974; Hsu and 
Lee, 1995; Kurreck et al., 2000; Pospisil and Dau, 
2000). In Fig. 12 polyphasic rise curves of spinach 
chloroplasts and PS II enriched membrane fragments 
(BB Y; after Berthold et al., 1 98 1 ) are compared in the 
absence and presence of DCMU. If it is assumed that 
DCMU stabilizes PQ-quenching by preventing PQ- 
reduction, 7% and 36% of variable Chi fluorescence 
are controlled by PQ-quenching in chloroplasts and 
in BB Y membrane fragments, respectively. It may be 
noted that variable fluorescence and, hence, Fv/Fm are 
much smaller in BB Y fragments than in chloroplasts 
(by 37% in the presence and by 60% in the absence 
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Fig. 12. Comparison of polyphasic Chi fluorescence rise curves 
in spinach chloroplasts and Berthold-Babcock Yocum (BBY) PS 
11 fragments of spinach thylakoids. Suppression of plastoquinone 
(PQ)-quenching was made by the addition of 3-(3,4-dichlorophe- 
nyl)- 1 , 1 -dimethylurea (DCMU). 
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of DCMU). In BB Y fragments the fluorescence rise 
completely lacks the I, -I, (or J to I) phase (Pospisil 
and Dau, 2000 ). This observation may be considered 
particularly important for the interpretation of the 
nonphotochemical quenching at the I, (or J) level 
(Sections VLB and VI.C). 

If the I 2 -Fm (or I-P) phase is due to suppression 
of nonphotochemical quenching by oxidized PQ, it 
is not related to energy conversion at PS II reaction 
centers and, therefore, should not be included in 
the assessment of maximal fluorescence yield by 
the saturation pulse method. This argues in favor 
of the use of short (ca. 50 ms ) saturation pulses for 
assessment of Fv/Fm on the basis of I 2 (or I). In 
practice, however, the difference between I 2 and Fm 
(or between I and P) disappears upon illumination 
at relatively low light intensities (Schreiber et al., 
1995a). Therefore, if no suitable device for assess- 
ment of Fv/Fm on the basis of I 2 (or I) is available, 
this problem can be avoided by assessment of Fv/Fm 
using weak background light (10-30 «mol photons 
nr 2 s -1 ). Actually, in most practical situations, the 
latter approach is advantageous, as the accuracy of 
Fm-determination is much higher, when a plateau is 
reached and the fluorescence signal can be averaged 
over several hundred milliseconds. Furthermore, in 
some organisms, e.g., most cyanobacteria and dia- 
toms, maximal Fv/Fm values are not observed after 
dark adaptation but after adaptation to moderate light 
intensities (Section VILA.). 

B. /, (or J)-level and F 50|US Measured by the 
Pump-and-Probe Method 

As to the quenching at I[ (or J), the distinct influ- 
ences of the S-states and of various chemical treat- 
ments (see above) suggest that it is closely linked 
to properties of the PS II donor side (Schreiber and 
Neubauer, 1987; B. Strasser, 1997). On the other 
hand, its elimination by DCMU or by the prereduc- 
tion of the PQ-pool also point to a decisive role of 
the PS II acceptor side. It is clear that during the 
first turnovers of the PS II reaction center, following 
onset of saturating illumination, the state of the PS II 
donor side is closely linked with that of the acceptor 
side. If DCMU is present, or if the PQ-pool (as well 
as Q b ) is prereduced, not more than one turnover is 
possible and consequently not more than one posi- 
tive charge can accumulate at the donor-side. In the 
absence of DCMU, the turnover rate at PS II reaction 
centers is limited by the rate of electron transfer from 



Q a to Q b and the rate of replacement of Q B H 2 by Q B 
which will be high as long as the PQ-pool is not yet 
filled up. Hence, during the first tens of milliseconds 
(i.e., during the course of the I r I 2 phase) there is the 
unusual situation that Q A is practically fully reduced 
and nevertheless PS II turnover rate is close to maxi- 
mal. As long as this happens, there is a high density 
of up to four positive charges at the donor and up to 
two negative charges at the acceptor side. It has been 
suggested that the resulting electrical field not only 
causes a large electrochromic bandshift around 515 
nm, but is also involved in the quenching at I, (or J), 
which disappears in parallel with the electrochromic 
bandshift ( Schreiber and Neubauer, 1990 ). 

The situation is somewhat different when m a xi ma l 
fluorescence yield is assessed by the pump-and-probe 
method (Mauzerall, 1972; Falkowski etal., 1986a, b). 
This method applies us probe flashes shortly before 
and ca. 50/vs after firing of a saturating single turnover 
pump flash for assessment of fluorescence yields F 
and Fm (corresponding to F 50/ts ), respectively. As 
Q a reduction is induced by just one single turnover 
flash, accumulation of more than one positive charge 
at the donor side may not be possible, just like in the 
presence of DCMU. Nevertheless it was found that 
the maximal fluorescence yield assessed 30-100 /us 
after a single turnover saturating flash (for simplic- 
ity called F 50/iS ) does correspond to the 1, (or J-level) 
(Schreiber, 1986; Schreiber et al., 1994; Schreiber 
andKrieger, 1996; Samson and Bruce, 1996), which 
suggests that F 50/iS is affected by the same quenching 
mechanism as 1, (or J). 

It was proposed that, similarly as suggested above 
for quenching at the I 2 (or I)-level, antenna quench- 
ing by oxidized PQ (Vemotte et al., 1979) is also 
responsible for the low fluorescence yields of Ij (or 
J) and F 50/1S (Kramer et al., 1995; Prasil et al., 1996; 
Samson and Bruce, 1996; Vasil’ev and Bruce, 1998; 
Koblizek et al . , 200 1 ). Such PQ-quenching would not 
only affect F 50/iS , but in general all fluorescence levels 
measured in the presence of oxidized PQ, including 
Fo, Fo', F and I, measured by PAM fluorometry. It 
would also introduce considerable uncertainties in 
the determination of nonphotochemical quenching 
(Samson et al., 1999). At most physiological condi- 
tions PQ is largely oxidized and, hence, such nonra- 
diative energy dissipation by PQ would cause a basic 
inefficiency of photosynthesis. Furthermore, it would 
mean that quantum yield is consistently overestimated 
by the saturation pulse method, as this inefficiency 
would be transiently removed during a saturation 
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pulse when PQ becomes fully reduced. Actually, if 
the PQ-quenching hypothesis were correct, only about 
half of variable fluorescence would be correlated with 
Q a reduction, whereas the other half would reflect 
reduction of the PQ-pool. (For an entirely different 
point of view, see Chapter 6, Vredenberg). 

An argument put forward in favor of a PQ-quench- 
ing mechanism is the fact that both I, and F 50jus are 
increased when PQ is prereduced by actinic illumina- 
tion (Kramer etal., 1995; Prasiletal., 1996; Samson 
and Bruce, 1996). It was also claimed that PQ-reduc- 
tion leads to a significant increase of the effective 
absorption cross-section of PS II, as measured by 
the pump-and-probe method (Samson and Bruce, 
1996; Prasil et al., 1996). On the other hand, a strong 
argument against PQ-quenching is the finding that 
DCMU not only removes most of the quenching at I, 
(Neubauer and Schreiber, 1 987; see also Fig. 1 2), but 
also raises the maximal fluorescence yield induced by 
a single turnover flash to the I 2 -level measured with 
a multiple turnover saturation pulse (Schreiber and 
Krieger, 1996). DCMU should stabilize PQ-quench- 
ing and not remove it (see Fig. 12). 

Figure 13 shows parallel measurements by PAM 



fluorometry and by the pump-and-probe method us- 
ing a Xe-PAM fluorometer (the Xe-PAM uses single 
turnover xenon discharge flashes instead of LED 
pulses for fluorescence excitation; see Schreiber et 
al., 1993). It may be noticed that even in the presence 
of DCMU briefly after the pump flash F 50/vs is non- 
photochemically quenched. It takes ca. 1 ms until this 
quenching is relaxed (Schreiber and Krieger, 1996). 
While it may be assumed that a similar quenching 
with consequent relaxation is also induced in the 
absence of DCMU, this cannot be distinguished as 
clearly as when DCMU is present. Any relaxation 
of nonphotochemical quenching (fluorescence rise) 
within the first 1 ms following a flash is overlapped 
by the larger increase of photochemical quenching 
(fluorescence decrease) associated with the rapid 
oxidation of Q A by Q B . In saturating continuous light, 
such nonphotochemical quenching may be expected 
to be induced with every PS II turnover, as long as 
the PQ-pool is not yet fully reduced. 

Obviously, the observed DCMU-effect questions 
the assumption of Falkowski and Kolber (1995) that 
Fm-determination by the pump-and-probe method is 
not changed by DCMU. While it is true that DCMU 
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Fig. 13. Assessment of maximal Chi fluorescence yield by different experimental approaches. From left: Pulse-amplitude-modulation 
and saturation pulse method (1); polyphasic rise upon onset of continuous saturating light (2—4); pump-and-probe method (right panel). 
The same high intensity LED array with an intensity of 1 2,000 //mol photons m 2 s 1 served as saturation pulse source in the recordings 
1-4 and also as measuring light in the recordings 2-4. Please note the different time scales: the 5s bar applies to curve 1, the 100 ms bar 
to curve 2, and the 500 pis bar to curves 3 and 4. All measurements with dark adapted spinach chloroplasts at 0.5 mg Chi 1 1 in the same 
cuvette and optical geometry. Where 3-(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU) was added, its final concentration was 5 //M. 
Notations: Fo, dark-level fluorescence yield, monitored with weak measuring light (ML); 1,, first intermediate level (also called T); I 2 , 
second intermediate level (also called ‘I’); Fm, maximal fluorescence yield reached in saturating light (also called P); F^ fluorescence 
yield measured 50 //s after a pump flash with the help of a probe flash. Data from Schreiber and Krieger (1996). 
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hardly increases F 50/JS , this clearly is due to a tran- 
sient type of nonphotochemical quenching, which 
is induced by the pump flash and disappears within 
1 ms. Different findings also may be related to the 
fact that DCMU-binding depends on the redox state 
of Q b (Lavergne, 1982; Laasch et al., 1983; Urbach 
et al., 1984). Very high DCMU concentrations are 
required to displace Q B , which is known to be pres- 
ent in intact chloroplasts and algae (Wollman, 1978; 
Rutherford et al., 1984). 

While Samson and Bruce (1996) confirmed that 
DCMU raises the Fm determined by the pump- 
and-probe method, these authors still assumed 
that oxidized PQ causes the quenching at I,. More 
recently, however, Yaakoubd et al. (2002) reported 
experiments suggesting that this type of quenching 
must be related to Q B -bound PQ and not to free PQ. 
Vasil’ev and Bruce (1998 ) and Vasil’ev et al. (1998) 
presented evidence from picosecond time-resolved 
fluorescence measurements, which appears to support 
a PQ-quenching mechanism at the antenna level . The 
Fm in the presence of background light was character- 
ized by a large 3 . 1 ns decay component, which disap- 
peared upon addition of 5-hydroxy -naphthoquinone, 
supposedly acting as an antenna quencher. It was 
concluded that oxidized plastoquinone acts similarly. 
Modeling of the decay kinetics supported this con- 
clusion. However, there remains some uncertainty 
concerning the significance of the naphthoquinone 
effect. Substituted naphthoquinones are known to 
compete with plastoquinone for the Q B binding site 
and in addition to antenna quenching also act as 
DCMU-analogs (Vermaas, 1984). Furthermore, the 
fitting of fluorescence decay kinetics strongly depends 
on assumptions of PS II heterogeneity (Roelofs et al., 
1 992 ) and on the assumed model of excitation dynam- 
ics within PS II (Section VI.C. and Fig. 14). Vasil’ev 
and Bruce (1998) invoke a 30-35% contribution of 
‘inactive centers’ (Chylla and Whitmarsh, 1987) to 
explain the 3 . 1 ns decay component that is observed 
at Fm, but not at F 50/JS . Alternatively, this components 
could also result from recombination fluorescence 
(Schreiber and Krieger, 1996; Section VI.C.). 

In view of the DCMU-effect, any PQ-quenching 
at the I[ (or J)-level (or of F 50/JS ) somehow must in- 
volve Q b (Schreiber, 1986; Schreiber and Neubauer, 
1987; Vasil’ev and Bruce, 1998; Kolber et al., 1998; 
Yaakoubd et al., 2002), i.e., one molecule out of the 
PQ-pool, temporarily bound to the PS II reaction 
center complex. Therefore, the term ‘Q B -quenching’ 
appears more appropriate to this author, although 



the mechanism of this quenching remains to be 
clarified (see discussion in the following section). 
Elucidation of the Q B -quenching mechanism is not 
only of utmost importance for the interpretation of 
data obtained with the saturation pulse and pump- 
and-probe methods, but also for an understanding 
of PS II primary reactions (for a review, see Samson 
et al., 1999). Obviously, for such understanding the 
scheme presented in Fig. 2 is too simple and a more 
profound approach is required. The following ‘excur- 
sion’ in section VI.C. into details of primary steps 
of PS II is not written for the general user of PAM 
fluorometry but rather for readers interested in basic 
aspects of PS II photochemistry and Chi fluorescence 
quenching mechanisms. 

C. Quenching Related to PS II Charge 
Recombination and Q B -quenching 

As suggested by Schreiber and Neubauer (1987) as 
well as by Samson and Bruce (1996) it is tempting to 
consider a link between photochemical (O-I, orOto J) 
and thermal (I, -I, or J to I) phases of the fluorescence 
rise in saturating light and the Q,/Q 2 quenchers defined 
by Joliot and Joliot (1977,1979). The latter authors 
described a large intrinsic heterogeneity of variable 
Chi fluorescence, which was clearly distinct from the 
small a, |3-heterogeneity observed by Anastasios Me- 
lis and coworkers (Melis and Homann, 1976; Melis 
and Duysens, 1979; Melis and Schreiber, 1979). A 
first single turnover saturating flash was found to 
reduce a fraction of quenchers, called Q, (equivalent 
to Q a ), with high quantum efficiency, whereas several 
flashes were required to reduce the remaining frac- 
tion of quenchers, called Q 2 (hypothetical alternative 
acceptor with unknown molecular identity). 

While the principal findings of the Joliots’ experi- 
ment recently were confirmed (Schreiber, 2002), a 
serious argument against Q,/Q 2 heterogeneity is the 
fact that during the past 3 0 years all efforts have failed 
to identify a molecule, which might correspond to 
Q 2 , despite considerable progress in the elucidation 
of PS II molecular structure. A different interpreta- 
tion is suggested by Lavergne and Rappaport ( 1998). 
These authors showed that there is no need to invoke 
two types of PS II acceptors, if rapid recombination 
of P680 Q A is assumed. Recombination is favored 
by the long lifetime of P680 + , which in presence of 
hydroxy lamine extends into the 100 us time range. 

The recombination hypothesis is supported by 
measurements of delayed Chi fluorescence. Upon 
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Fig. 14. Equilibration of excitation energy between PS II antenna and reaction center according to the reversible radical pair model (Schatz 
et al., 1 988; scheme reproduced from Schreiber and Krieger, 1 996). Two distinct ways of formation of singlet excited Chi in PS II antenna 
(symbolized by *) are distinguished: Direct excitation by light or ‘delayed excitation’ via recombination of primary radical pair P' Pheo , 
so that overall fluorescence consists of prompt and recombination fluorescence. It is assumed that in the presence of oxidized Q A the rate 
constant of charge stabilization, k 2Q is much larger than the rate constants of radiative recombination, k ,, nonradiative recombination, k 2l> , 
and triplet formation, k 2T . Hence, Fo is dominated by prompt fluorescence. Radical pair formation also occurs, although with decreased 
k,, when Q A is reduced (not shown in the scheme). In the state P'Pheo Q A k , is stimulated, resulting in a high yield of radiative recom- 
bination (recombination fluorescence). Hence, Fm consists of prompt and recombination fluorescence. Recombination fluorescence is 
selectively ‘quenched’ by the nonradiative loss processes at the reaction centers, characterized by k^ and k 2D . On the other hand, prompt 
and recombination fluorescence are equally ‘quenched’ by nonradiative antenna deexcitation, characterized by k D . 



charge recombination, energy is released in the form 
of heat and delayed fluorescence (for reviews see 
Lavorel, 1975; Jursinic, 1986; Bilgerand Schreiber, 
1 990; Chapter 13, Tyystjarvi andVass). Delayed fluo- 
rescence (more briefly also called luminescence) can 
be measured by repetitive pulse excitation in a similar 
way as pulse-modulated fluorescence (Schreiber and 
Schliwa, 1987b). By measuring the 50 jus lumines- 
cence component, recombination yield at PS II can 
be followed quasi-continuously in parallel with the 
quenching parameters of prompt fluorescence. It was 
shown that 50 jus luminescence is strongly stimulated 
upon addition of hydroxylamine in parallel with 
increases of photochemical and nonphotochemical 
quenching (Schreiber and Neubauer, 1989; Schreiber 
andNeubauer, 1990). 

While the Joliots’ experiment and its interpreta- 
tion by Lavergne and Rappaport ( 1 998) illustrate the 
potential impact of PS II charge recombination on 
the fluorescence yield measured after a pump flash, 
it has to be considered that in this experiment DCMU 
was present, which prevents any participation of Q B 
in the quenching mechanism as Q B is known to be 
displaced by DCMU from its binding site (Velthuys, 
1981). Hence, the mechanism of the apparent Q B - 
quenching discussed in section VLB. must differ from 
that of the ‘recombination quenching’ suggested by 
Lavergne and Rappaport (1998). 

In the absence of DCMU, in principle Q B could 
participate in PS II photochemistry via the ‘inactive 



branch’ of the reaction center complex (Schreiber, 
2002). However, for explanation of apparent Q B - 
quenching a direct participation of Q B in the quench- 
ing mechanism may not be required. In this context 
it is important to recall that Q B not only acts as an 
acceptor of electrons from reduced Q A , but by doing so 
also helps maintain a high density of positive charges 
at the PS II donor-side and, hence, a strong transmem- 
brane electrical field, as long as it is reoxidized by the 
PQ-pool (Section VI.B.). While this field will drive 
Q a /P 680 + charge recombination, it is highly unlikely 
that this will lead to substantial net Q A oxidation in 
control samples, differently from the situation in the 
presence of hydroxylamine, which inhibits water 
splitting (Lavergne and Rappaport, 1998). 

Besides Q A /P680 f charge recombination, the re- 
combination of the primary radical pair Pheo /P68(P 
has to be also considered (Schreiber and Krieger, 
1996). According to the reversible radical pair 
model of PS II (Schatz et al., 1988), primary charge 
separation is reversible (‘shallow trap’). Even in the 
presence of Q A the quantum yield of radical pair 
formation amounts to 50-70% (Van Mieghem et al., 
1995;Hillmannetal., 1995; Rengeretal., 1995). The 
fluorescence increase upon reduction of Q A is not only 
due to a decrease of the rate of radical pair formation 
(k,), but also to an increase of the rate of radical pair 
recombination (k_,) (see scheme in Fig. 14). Hence, 
there is a dynamic reversible movement of excitons 
between antenna and reaction center, which is con- 
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trolled by the various rate constants. As suggested by 
Schreiber and Krieger (1996), these features can be 
expected to give rise to a fundamental heterogeneity 
of variable fluorescence. When Q A becomes reduced, 
one part of the consequent fluorescence increase 
results from the prevention of radical pair formation 
and, hence, corresponds to ‘prompt fluorescence’. 
Another part results from the radiative recombina- 
tion of the radical pair to the ground state and, hence, 
corresponds to ‘recombination fluorescence.’ It is 
important to realize that in the presence of Q A any 
increase of the rate constants of nonradiative charge 
recombination (k 2D ) and triplet formation (k 2T ) will 
cause nonphotochemical quenching, which will af- 
fect recombination fluorescence more than prompt 
fluorescence. It has been proposed that the transient 
inefficiency caused by a saturating flash, as identified 
during the first 1 ms following a pump flash in the 
presence of DCMU (see Fig. 1 3), is due to a transient 
stimulation of k 2T and/or k 2D (Schreiber and Krieger, 
1996). A stimulation of k 2T by a local electrical field 
was reported (Van Mieghem et al., 1995). Fluores- 
cence lifetime measurements by Goss et al. (1995) 
also showed that zeaxanthin-independent nonphoto- 
chemical quenching correlates with a significant 
increase in the rate constants k, T and/or k 2D . Hence, 
for the time being, the recombination hypothesis put 
forward by Schreiber and Krieger (1996) appears to 
give the most plausible explanation for apparent Q B - 
quenching (for a different point of view, see Chapter 
19, Bruce and Vasil’ev). 

Vredenberg (2000 ) has proposed a different model 
for energy trapping at PS II reaction centers and for 
quenching of Chi fluorescence that also assumes re- 
versible trapping by centers with reduced Q A (see also 
Chapter 6, Vredenberg). In contrast to Schreiber and 
Krieger (1996), however, Wim Vredenberg assumes 
that reduced pheophytin (Pheo - ) will accumulate 
when electrons are donated to the state P + Pheo“ and 
that maximal fluorescence yield requires quantitative 
formation of the state P Pheo Q - . This assumption, 
however, has to be reconciled with the fact that maxi- 
mal fluorescence yield (with Fm/Fo > 5) is stable for 
hours in the dark even in the presence of molecular 
oxygen, when PS II is blocked by a combination 
of DCMU and hydroxylamine (Bennoun, 1970; U. 
Schreiber, unpublished). When Pheo - accumulates 
upon illumination under anaerobic conditions, strong 
fluorescence quenching is observed (Klimov et al., 
1977; Heberetal., 1985), which disappears upon ad- 
dition of oxygen. Pheo - causes a similar absorbance 



change around 820 nm as P700 + and P680 + , which 
can be measured routinely in the absence of oxygen 
in parallel to light-driven development of fluorescence 
quenching. In the presence of oxygen a correspond- 
ing absorbance change is not observed in parallel to 
a light-driven fluorescence rise to Fm (U. Schreiber 
and C. Neubauer, unpublished). 

According to Schreiber and Krieger (1996), Q B - 
quenching is equivalent to preferential quenching 
of recombination fluorescence via increases in the 
competing nonradiative loss processes at the reaction 
center, which may be induced by a local electrical field 
as well as by changes in membrane conformation or 
membrane integrity. It may be emphasized that with 
physiologically healthy samples such quenching is 
‘artificial,’ in the sense that it occurs only under ex- 
treme light conditions in short time windows during 
a multiple turnover saturation pulse (up to 50 ms ) or 
following a single turnover saturating flash (up to 1 
ms). With damaged or fractionated samples, k 2T and/ 
or k 2D may reach values that prevent recombination 
fluorescence even under moderate light conditions. 
In this sense, recombination fluorescence (as well as 
the I r I, or J-I phase) may be considered an indicator 
of PS II integrity. This statement is in line with the 
following observations: 

• Maximal variable fluorescence (as well as maxi- 
mal values of Fv/Fm and PS II quantum yield) of 
dark-adapted samples varies largely depending 
on the physiological state and the integrity of the 
samples. Hence, Fm/Fo may decrease from about 
6 to 1, when BBY-fragments are isolated, starting 
from intact leaves, via intact chloroplasts, envelope 
free chloroplasts, washed thylakoids to detergent 
treated membranes . While with proper precautions 
PS II functionally remains intact, the properties 
of variable fluorescence change dramatically. It is 
generally observed, that the decrease of Fv goes 
along with a preferential suppression of the I r I 2 
(or J to I) phase. In BBY-particles the I,-I 2 (or J 
to I) phase is completely lacking (see Fig. 12). 

• When intact chloroplasts are irradiated at low 
temperatures (6°C) with strong light (4,000 //mol 
photons m -2 s -1 ), the observed decrease in PS II 
quantum yield (photoinhibition) is paralleled 
by preferential suppression of the I r I 2 (or J to I) 
phase (Christian Neubauer and Ulrich Schreiber, 
unpublished). On the other hand, when zeaxan- 
thin dependent nonphotochemical quenching is 
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created by moderate illumination, O-I, (or O to 
J) and I r I 2 (or J to I) phases are quenched to the 
same extent (Genty et al. 1990; Schreiber et al. 
1995a). In the latter case, nonradiative deexcita- 
tion in the antenna is stimulated (rate constant k D 
in the scheme of Fig. 14 ), affecting both yields of 
prompt and recombination fluorescence. 

In view of the above arguments, it appears unlikely 
that the apparent Q B -quenching, which causes the 
lowering of I^or J) and of F SOfls with respect to Fm, is 
already effective in lowering the PS II quantum yield 
before application of a saturation pulse or a pump 
flash. After dark-adaptation or during moderate con- 
tinuous illumination, Q A is fully or mostly oxidized, 
with the consequence that recombination fluores cence 
is negligibly small, as k 2Q >k_ 1 (see scheme in Fig. 14). 
Significant quenching of recombination fluorescence 
should occur only after Q A -reduction, with the ad- 
ditional prerequisites of Q B being oxidized and k 2T 
(and/or k 2D ) being stimulated. In practice, this means 
that Fm should be determined after complete reduc- 
tion of the PQ-pool, i.e., at the I 2 -level. 

As to Fm determination by the pump-and-probe 
method, F 50/JS is subject to Q B -quenching (here consid- 
ered to be caused by selective quenching of recom- 
bination fluorescence), the extent of which is deter- 
mined by the reduction state of Q B (and PQ-pool). As 
most of this quenching is induced by the pump flash 
(via Q a reduction and stimulation of a local field ), the 
Fm corresponding to the situation before application 
of the pump flash is underestimated, which leads to 
underestimation of the effective PS II quantum yield 
inmost physiologically relevant situations. The same 
considerations apply when a maximal fluorescence 
level is induced within 100 [is by a rapid sequence of 
flashes (Kolber et al., 1998) or by saturating 20-100 
[is LED pulses (Koblizek et al., 2001). 

If proven to be true, Q B -quenching (i.e., selective 
quenching of recombination fluorescence) can be 
expected to affect the determination of the functional 
PS II absorption cross-section, o PSII , by the pump- 
and-probe method. o PSII is the product of the light- 
harvesting capability of the antenna pigments and the 
efficiency of excitation transfer to the reaction center 
(Ley and Mauzerall, 1982). It can be determined by 
gradually increasing the intensity of the pump flash 
and following the flash-intensity saturation curve 
of the fluorescence increase (Ley and Mauzerall, 
1982; Falkowski et al., 1986b). Arty stimulation of 
nonradiative deexcitation, irrespective of whether it 



affects excitons directly originating from excitation or 
from recombination, should cause a decrease of a PSII . 
Flence, also stimulation of quenching at I, (or J) and 
of F 5Qus should be paralleled by a decrease in o PSI1 . As 
shown by Koblizek et al. (2001), a PSII indeed shows 
a period-4 oscillation in parallel with corresponding 
changes of F 50/iS , which are also observed at the I r 
level (Schreiber and Neubauer, 1987). As the redox 
state of the PQ-pool affects the redox state of Q B , 
it will also affect the apparent o PSII , provided the 
above stated preconditions (Q A reduced, large local 
field) are fulfilled. At moderate light intensities, the 
Q s -quenching mechanism will not be effective and 
‘^'determination should not be significantly af- 
fected by the PQ-redox state. This aspect is particu- 
larly problematic when using the pump-and-probe 
method and dealing with unicellular algae, which 
show pronounced changes of the PQ-reduction state 
in the dark (Schreiber et al., 1971; Schreiber and 
Vidaver, 1974, 1975) associated with chi ororespira- 
tory electron flow (Bennoun, 1982; 1998; 2002 Gans 
and Rebeille, 1990; Wilhelm and Duval, 1990) and 
NADPH -dehydrogenase activity (Mi et al, 1992; 
Mano et al., 1995; Schreiber et al., 1995a). Prasil 
et al. (1996) reported a decrease of a PSII measured 
by the pump-and-probe method in the order of 30% 
associated with the reduction of the PQ-pool. If the 
above considerations are correct, the real decrease of 
cross-section would be much smaller, as most of the 
apparent Q B -quenching would be artificially induced 
by the pump flashes. 

While the detailed mechanism of Q B -quenching 
remains to be elucidated, for the time being the 
arguments presented above allow me to offer the 
following conclusions: 

• Besides the normal photochemical and nonphoto- 
chemical quenching, which can be assessed by 
the saturation pulse method during steady state 
illumination or in the course of slow induction 
kinetics (Section IV), there is an additional type of 
‘artificial’nonphotochemical quenching observed 
in the sub-ms time range following a saturating 
flash or during the first 10-50 ms after onset of 
saturating continuous light. 

• This type of quenching on the one hand com- 
plicates the interpretation of rapid fluorescence 
transients and pump-and-probe data, but on the 
other hand offers valuable information on the state 
of PS II donor and acceptor sides as well as on the 




306 



Ulrich Schreiber 



integrity of PS II reaction centers. 

• The term Q B -quenching was coined because this 
type of quenching is observed only when the Q B 
site is not occupied by DCMU and Q B is oxidized. 
However, it should be emphasized that a direct 
participation of Q B in the quenching reaction may 
not to be required. 

• A plausible working hypothesis, which is sup- 
ported by a number of observations, assumes that 
Q B -quenching is caused by preferential suppres- 
sion of recombination fluorescence, when nonra- 
diative radical pair recombination is stimulated at 
PS II centers. 

• According to tlii s hypothesis , Q B -quenching is ef- 
fective only when Q A is reduced and at the same 
time nonradiative loss processes at the reaction 
center are stimulated. 

• Qg-quenching does not affect quantum yield 
determination by the saturation pulse method, as 
long as the PQ-pool is fully reduced in the course 
of the saturation pulse. 

• On the other hand, Q B -quenching systematically 
affects Fm and quantum yield determination by 
the pump-and-probe method. 

These conclusions, if proven to be true, are of 
considerable practical relevance for the interpreta- 
tion of data obtained with different experimental 
approaches. 



VII. Pulse Amplitude Modulation (PAM) 
Fluorometry for Special Applications 

As already pointed out in the Introduction, progress 
in Chi fluorescence has been stimulated by dynamic 
interaction between basic research, applied research 
and instrument development. Due to recent techni- 
cal progress in optoelectronics and photonics, it has 
become possible to develop instruments with excep- 
tional sensitivity and selectivity, which can be applied 
in practically all situations where photosynthesis takes 
place in vivo. In some cases, new devices have opened 
the way for the study of organisms, which previously 
were hardly accessible by other methods. This is 
particularly evident with respect to photosynthesis in 



aquatic environments, like oceans, rivers and lakes 
(Chapter 30, Falkowski et al.; Chapter 3 1 , Raven and 
Maberly). For example, with the help of a submersible 
PAM fluorometer (DIVING-PAM ), for the first time 
detailed information on the photosynthetic proper- 
ties of photosymbiont-containing invertebrates in 
situ were obtained. This includes measurements on 
ascidians containing Prochloron as photosymbiont 
(Schreiber et al., 1997), corals (Beer et al., 1998; 
Jones et al., 1998; Ralph et al., 1999) and sponges 
(Beer and Ilan, 1 998). The same instrument has also 
been applied for the study of seagrass communities 
in situ (Ralph et al., 1 998). While a detailed descrip- 
tion of all different types of PAM fluorometers and 
their numerous applications would be out of scope 
of this chapter, a few instruments with exceptional 
measuring principles are briefly described. 

A. Phytoplankton Analysis by 4-Wavelength 
Excitation Technique 

Since the early work of Lorenzen (1966), Chi 
fluorescence has become increasingly important for 
assessment of phytoplankton primary productivity 
(Falkowski and Kiefer, 1985; Kiefer and Reynolds, 
1992; Kolber and Falkowski, 1993; Falkowski and 
Kolber, 1995; Chapter 30, Falkowski et al.). Special 
instruments were developed to measure Chi content 
as well as the most relevant photosynthetic parameters 
of phytoplankton in water samples down to 0.1 fig 
Chi T 1 (Kolber and Falkowski, 1993; Schreiber et al., 
1993; Kolber etal., 1998). Until recently, the available 
instrumentation had been limited by the fact that it 
could not distinguish between the fluorescence emit- 
ted from different types of phytoplankton, like green 
algae, diatoms/dinoflagellates and cyanobacteria. In 
principle, such distinction is possible on the basis of 
the specific fluorescence excitation properties of dif- 
ferently pigmented phytoplankton groups (Yentsch 
andYentsch, 1979; Schreiber et al., 1993). Excitation 
energy is transferred with high efficiency from vari- 
ous accessory pigments (Chi b, Chi c, fucoxanthin, 
carotenoids, peridinin, phycocyanin, phycoerythrin) 
to Chi a, from which most of the overall fluorescence 
is emitted. Kolbowski and Schreiber ( 1 995) developed 
a microprocessor-controlled PAM fluorometer that 
employs an array of light -emitting diodes (LED ) to 
excite Chi fluorescence alternating by 10 /us measur- 
ing light pulses at four different wavelengths and to 
illuminate samples with actinic light and saturation 
pulses. In the meantime, a compact version of this 
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PHYTO-PAM Chi fluorometer has become available 
(described in Schreiber, 1998), which has profited 
from recent progress in strong LEDs emitting in the 
green and blue wavelength regions. Current instru- 
ments feature 470, 520, 645 and 665 nm measuring 
light. At these wavelengths large differences in the 
excitation spectra of green algae, diatoms/dinoflagel- 
lates and cyanobacteria are observed, which constitute 
the three major phytoplankton groups. In practice, 
‘reference excitation spectra,’ which are measured 
with each individual instrument and stored in com- 
puter-memory, are the basis for deconvolution of the 
overall signal into the contributions of these three 
groups. Chi contents are determined on the basis of 
the deconvoluted Fo-values, which are measured with 
weak measuring light. The saturation pulse method 
is applied for assessment of photosynthetic activity 
(Section IV). 

Figure 1 5 gives an example of light response curves 
of effective quantum yield, AF/FnT, and relative 
electron transport rate, ETR, as measured with a 
water sample from Sydney Harbor (from 1 0 m depth). 
This is an example of Rapid Light Curves, with 30 s 
intervals at each intensity step (Section V.B.). In the 
given water sample, the content of cyanobacteria was 
below the detection limit. The diatoms/dinoflagellates 
showed a rise of quantum yield in the range of low 
light intensities, thus being clearly distinguishable 
from the green algae. This unusual light response, 
which was also observed in a pure culture of the 
diatom Phaeodactylum tricornutum (U. Schreiber, 
unpublished), may reflect partial reduction of the 
PS II acceptor pool in the dark, possibly via the 
NADPH-dehydrogenase, as previously observed in 
cyanobacteria (Mi et al., 1992). 

Beutler et al. (1998) introduced a submersible 
fluorometer, which applies five different excitation 
wavelengths for differentiating between up to four 
different spectral groups. These researchers demon- 
strated the possibility of rapid depth profiling of the 
distribution of various groups of microalgae in lakes, 
rivers and the sea (Beutler et al., 2002). 

B. Systems for Assessment of Photosynthesis 
at Single Cell Level 

With the help of a photomultiplier, the sensitivity 
of fluorescence detection can be strongly enhanced. 
Although photomultipliers do not tolerate strong 
background light, nevertheless the saturation pulse 
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Fig. 15. Light-response curves of green algae and diatoms in a 
water sample from Sydney Harbor (10 m depth). Measurement 
with PHYTO-PAM fluorometer using 30 s illumination intervals 
at each intensity step. AF/Fm', effective PS II quantum yield 
ETR, relative electron transport rate calculated from fluorescence 
parameters. The irradiance-scale 0'mol m 2 s 1 PAR) refers to the 
quantum flux density ofphotosynthetically active radiation. Data 
from Schreiber (1998). 

method can be applied, when not only the measuring 
light, but also the actinic light is appropriately pulse 
modulated (Section II.). For this purpose, all light 
qualities have to be under microprocessor control 
(PAM-CONTROL family of fluorometers). The sig- 
nal/noise level in such fluorometers is determined by 
the amplitude of the overall signal, which means in 
practice that Chi fluorescence detection is limited by 
the amplitude of the unavoidable background signal. 
At high photomultiplier gain, even in the absence of 
Chi a small pulse modulated signal is generated, due 
to fluorescence of various system components, like 
optical filters, lenses, fiberoptics etc. PAM fluorom- 
eters with extremely low background signal levels 
were developed, which allow assessment of photo- 
synthesis at the single cell or even single chloroplast 
level, using essentially the same measuring protocols 
as with whole leaves (Schreiber, 1998). 
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1. Epifluorescence Microscope System 

Epifluorescence microscopes can be readily adapted 
for PAM fluorometry in conjunction with a PAM- 
CONTROL unit (MICROSCOPY-PAM). A blue LED 
is installed in place of the usual Xe-arc lamp in the 
excitation pathway of the microscope. As the LED 
light is effectively focused on the object, a single LED 
is sufficiently strong to serve not only for measuring 
light (i.e., fluorescence excitation), but for actinic 
light and saturation pulses as well. By visual inspec- 
tion, with the help of an x-y stage an object can be 
centered in the field of view, which can be narrowed 
down with the help of an iris diaphragm, such that 
the fluorescence characteristics of a particular cell or 
chloroplast can be selectively assessed. 

An important practical application of the MI- 
CROSCOPY-PAM relates to the study of guard-cell 
photosynthesis (Schreiber, 1998; Goh et al., 1999). 
Previous pioneering work of Eduardo Zeiger and 
coworkers (Zeiger et al., 1980; Melis and Zeiger, 
1982) had shown that basic information on photo- 
synthesis in single guard cells could be obtained by 
Chi fluorescence measurements. While this early 
work revealed an apparently normal Kautsky effect 
in guard cells, it could not distinguish between pho- 
tochemical and nonphotochemical quenching. Figure 
1 6 shows dark-light induction curves of single guard 
cell pairs of Vicia faba in the presence and absence of 
molecular 0 2 , recorded with repetitive application of 
saturation pulses. Removal of 0 2 causes a dramatic 
loss of photosynthetic activity, which is reflected by 
negative values of AF/Fm' (negative spikes induced 
by saturation pulses) during actinic illumination. 02 - 
dependent electron flow apparently plays a key role 
in guard-cell photosynthesis (Goh et al., 1999), and 
in the absence of 0 2 the PS IT acceptor side becomes 
reduced to a point that reduced pheophytin can ac- 
cumulate during a saturation pulse, which acts as 
a quencher of variable fluorescence (Klimov et al., 
1977; Heber et al., 1985; Schreiber and Neubauer, 
1990; for a different point of view, see a discussion 
in Chapter 6, Vredenberg). This example illustrates 
the analytical value of the saturation pulse method. 
The Kautsky effect as such is very similar +/-0 2 , 
so that without quenching analysis the observed P-S 
decline could be mistaken to reflect activation of pho- 
tosynthetic electron flow and membrane energization. 
In reality, quenching analysis reveals that electron 
transport is completely blocked and illumination 




0 2 4 6 

Time, min 



Fig. 16. Dark-light induction curves with repetitive saturation 
pulses for quenching analysis measured on a single guard cell 
pair of Vicia faba in the presence and absence of O r Measure- 
ment with MICROSCOPY-PAM fluorometer. Notations: ML, 
measuring light; SP, saturation pulse; AL, actinic light. Data 
from Schreiber (1998). 



causes a largely irreversible loss of PS II quantum 
yield (photodamage). 

2. Microfiber System 

In conjunction with a fiberoptic microprobe the PAM- 
CONTROL unit can also be used for ultrasensitive 
fluorescence measurements in different layers of 
photosynthetically active material (MICROFIBER- 
PAM). A similar, although somewhat less sensitive 
measuring system based on a standard PAM fluorom- 
eter had been previously described for assessment of 
photosynthesis within leaves (Schreiber et al., 1 996). 
The fiberoptic microprobe is based on a multimode 
fibercoupler that functions like a beam-splitter, to 
the split side of which an LED light source and a 
photomultiplier are connected, whereas the other side 
is in contact with the investigated object. While the 
single fibers have a diameter of 100 //m, the fiber at 
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the object side can be pulled out to a tapered endpiece 
of 10-30 //m diameter, which is suited to penetrate 
into deeper layers of photosynthesizing tissue. The 
fiber position and depth of penetration normally is 
controlled by a micromanipulator. With the help of 
miniature collimating optics, the light of a single 
blue LED is effectively coupled into the fiber, with 
the intensity at the tapered end being sufficiently high 
that the same light may serve not only for measuring 
light, but for actinic light and saturation pulses as 
well (in analogy to MICROSCOP Y-PAM). Hence, 
the PS II quantum yield, AF/Fm\ can be determined 
without need of external light sources. 

The microfiber system allows insights below the 
surface layer of an object, which are not possible 
with microscopy or imaging techniques. In this way 
heterogeneity of photosynthetic parameters across 
a leaf can be assessed. Such heterogeneity can e.g., 
be expected after illumination of a leaf with exces- 
sive light. As the intensity of the incident light drops 
rapidly within the leaf (Vogelmann and Bjorn, 1984; 
Bornman et al., 1991), light which is excessive at 
the surface will cease being so at deeper cell lay- 
ers. Figure 17 shows an experiment with a Syringa 
vulgaris leaf, with Fv/Fm as a measure of maximal 
quantum yield. As expected, the loss of Fv/Fm caused 
by photoinhibition decreased with the depth of the 
assessed tissue layer (Schreiber et al., 1996). It may 
be concluded that overall photoinhibition normally 
is overestimated if, as has been common practice, it 
is assessed by Fv/Fm measurements from the leaf 
surface. 

C. Imaging of Photosynthetic Activity 

Chi fluorescence imaging was pioneered by Omasa 
et al. ( 1 987) and Daley et al. ( 1 989). This early work 
required empirical calibration of the fluorescence im- 
ages against other methods, such as gas exchange or 
measurements of relative electron transport rate by 
PAM fluorometry, in order to obtain images of photo- 
synthetic activity. Genty and Meyer ( 1 995) as well as 
Siebke and Weis (1995) introduced imaging systems 
capable of assessing fluorescence at two levels of 
light intensity (actinic illumination and saturation 
pulse), thus allowing derivation of the fluorescence 
parameter AF/Fm ' and, hence, assessment of relative 
electron transport rate. Oxborough and Baker ( 1 997) 
developed an ultrasensitive system based on a Peltier- 
cooled CCD-camera and a fluorescence microscope, 
which is capable of generating fluorescence images 




Fig. 1 7. Assessment of Fv/Fm as a measure of PS II quantum yield 
at different depths within a leaf of Syringa vulgaris. Comparison 
of control leaf with leaf illuminated for 5 min at 5,000 /mi ol pho- 
tons m 2 s 1 at the upper surface (photoinhibited). Measurement 
with MICROFIBER-PAM fluorometer. Data from Schreiber et 
al. (1996). 

at irradiance levels from less than 0.1 //mol photons 
m 2 s~ ] to more than 8,500 //mol photons nr 2 s _l . 
This system for the first time allowed assessment of 
Fv/Fm images with spatial resolution down to single 
cells and chloroplasts. Nedbal et al. (2000) reported 
on a kinetic fluorescence imaging system, which ap- 
plies modulated measuring light, similarly to a PAM 
fluorometer, derived from an array of 700 LEDs. This 
system, which employs two separate tungsten-halogen 
light sources for actinic light and saturation pulses, 
not only is capable of saturation pulse quenching 
analysis, but even can tolerate ambient daylight. 
Holub et al. (2000) have developed a Fluorescence 
Lifetime Imaging Microscope that has been used to 
measure Chi fluorescence lifetime images of leaf 
surfaces as well as of single algal cells. 

Recently, a compact PAM fluorometer for measur- 
ing images of photosynthetic activity was developed, 
which incorporates most recent advances in CCD- 
camera technology and data exchange between 
camera and PC (IMAGING-PAM Chlorophyll 
Fluorometer). This system will be briefly described 
here. Image capture is synchronized with the pulse 
modulated measuring light. Digitization occurs 
within the camera, such that no framegrabber is re- 
quired, and the digitized data are transferred at 400 
megabit/s (firewire, IEEE 1394 port) to a PC. With 
only LEDs serving as light sources, the system is 
portable and can be battery powered. Its standard 
measuring head employs a circular 3-wavelength 
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LED-array for measuring not only images of fluores- 
cence (Fo, F and Fm), but of absorbed PAR as well. 
Blue LEDs at the same time provide measuring light, 
actinic light and saturation pulses. Fluorescence is 
measured at wavelengths >640 nm. With the help of 
red (650 nm) and near-infrared (780 nm) LEDs also 
images of absorbed PAR are derived, with 650 nm 
being representative for photosynthetically active 
radiation and 7 8 0 nm serving as a non-photosyntheti- 
cally active reference. The intensities of the 650 and 
780 nm measuring light are adjusted such that with a 
white flower petal the two images (i.e., remitted light ) 
display identical intensities. It is assumed that the 
reflectance and scattering properties of a flower petal 
are similar to those of a leaf and that 780 nm light is 
not absorbed by photosynthetically active pigments. 
With increasing Chi content the red signal decreases, 
while the near-infrared signal remains constant. The 
PAR-absorptivity coefficient, a, is calculated pixel by 
pixel according to the equation: a = 1 - (red signal / 
near-infrared signal ). For example, ifthe near-infrared 
signal is 5 times more intense than the red signal, then 
a = 0.8, i.e., 80% of the incident red light is absorbed. 
Maximal values of PAR-absorption determined in 
this way are around 0.89 and mean values around 
0.85, i.e., close to the value reported by Bjorkman 
and Demmig (1987). Necrotic spots absorb red and 
near infrared light to a similar extent, leading to low 
values of PAR-absorptivity. 

Knowledge of absorbed PAR is essential for 
quantifying photosynthetic activity. The saturation 
pulse method as such can only provide information 
on PS II quantum yield. The actual photosynthetic 
activity depends on Chi content and the absorbed 
PAR. Normally, it is assumed that 84% of the incident 
photons are absorbed (Section VB. ). While this ap- 
proach is feasible in the study of normal leaves, when 
fluorescence is averaged over a larger area, it may 
become problematic when spatial heterogeneities are 
analyzed, as e.g., induced by virus infection, which 
may involve not only differences in PS II quantum 
yield but in Chi content as well. Generally, leaf se- 
nescence is characterized by decreases of Chi content 
and of photosynthetic capacity on a leaf area basis. 
At the same time, however, the capacity on a Chi 
basis may even increase (Adams et al., 1990b). With 
plant pathology being a major field of application for 
fluorescence imaging (Balachandran etal., 1 994) and 
most pathogens inducing early senescence, images of 
PAR-absorptivity provide important complementary 
information to fluorescence images. 

In principle, the same measuring routines can be 



applied with the IM AGING-PAM fluorometer as with 
standard PAM fluorometers, as e.g., recording of dark- 
light induction curves with repetitive application of 
saturation pulses for quenching analysis (Figs. 5-7) 
and of light-response curves (Figs. 10 and 15). At 
low measuring pulse frequency the measuring light 
intensity is sufficiently weak for assessment of the 
quasi-dark fluorescence level, Fo, and maximal quan- 
tum yield, Fv/Fm. During continuous illumination, 
measuring light frequency is increased, leading to 
increased time resolution and signal/noise. 

In the experiment of Fig. 18, a defined heterogene- 
ity of fluorescence parameters was artificially induced 
by dipping the tip of a Nerium oleander leaf for 5 
min into 45 °C water, a treatment that does not lead 
to any visible damage. Images of PAR-absorptivity, 
effective quantum yield, AF/Fm', relative rate of 
photosynthesis and non-photochemical quenching, 
NPQ, are presented. While PAR-absorptivity is rela- 
tively homogenous over the imaged leaf area (aver- 
age value 0.861), the fluorescence based parameters 
reveal pronounced heterogeneity between the heated 
and non-heated parts of the leaf. The most complex 
information is provided by the nonphotochemical 
quenching parameter (NPQ), which allows us to 
differentiate within the tip region several zones of 
heat-induced damage, likely to reflect small differ- 
ences in the effective temperature during heat-treat- 
ment. Obviously, the heat effect ranges from nearly 
complete suppression of NPQ at the very tip, to 
strong stimulation of NPQ close to the border to the 
non-heated part of the leaf. Stimulation of NPQ by 
heat treatment is well known (Bilger and Schreiber, 
1987; Schreiber and Bilger, 1987) (see also Fig. 7). 
It is likely to reflect stimulation of 0 2 -dependent 
electron flow upon suppression of Calvin-Benson 
cycle activity. While Calvin-Benson cycle consumes 
ATP and, hence, lowers the pH-gradient, the Mehler- 
Ascorbate-Peroxidase cycle does not require ATP, 
and thus gives rise to strong membrane energization. 
The NPQ-image in Fig. 18 suggests that 45 °C is not 
only close to the critical temperature for suppres- 
sion of Calvin-Benson cycle activity, but also of the 
Mehler- Ascorbate-Peroxidase cycle. Furthermore, 
these data remind us that the relative rate of pho- 
tosynthesis measured on the basis of fluorescence 
parameters does not only reflect C0 2 assimilation, 
but 0 2 -dependent electron flow as well (Section III. 
B.). The latter appears to be stimulated along with 
NPQ, when the former becomes suppressed, e.g., by 
stress induced damage. 

With the IMAGING-PAM fluorescence images can 
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Fig.lH. Assessment of photosynthesis in leaf of Nerium oleander by fluorescence imaging. Heterogeneity was artificially induced by 
dipping the leaf tip for 5 min in 45 °C water. Continuous illumination at 400 //mol photons m 2 s 1 . The imaged parameters are: a) 
Absorptivity of photosynthetically active radiation, b) effective PS II quantum yield AF/Fm', c) relative rate of photosynthesis, d) non- 
photochemical quenching, NPQ. Relative values ranging from 0 to 1 are displayed using the indicated false color scale. Measurements 
with the IMAGING-PAM fluorometer. For viewing the original color images, see Color Plate 2, Fig. 1. 



be saved at a maximal rate of 1 image/5s. Hence, it is 
possible to follow spatiotemporal changes of fluores- 
cence parameters. Using this method very recently 
the propagation of a heat-stress signal via the leaf vein 
system was demonstrated (Schreiber et al., 2003). A 
small spot of a dandelion leaf was intensely heated 
using a near-infrared laser pulse. After the laser pulse, 
there was an immediate stimulation of photochemi- 
cal quenching, qP, and of effective quantum yield 
AF/Fm', along the vein system of the leaf (not shown 
here). With a delay of about 20 s, nonphotochemical 
quenching, assessed via the quenching coefficient qN, 
propagated over the leaf vein system, accompanied 
by declines in the fluorescence parameters qP and 
AF/Fm'. Images showing the qN-responses are pre- 
sented in Fig. 19. While 20 s after the heating event 
the qN response was restricted to the close vicinity of 
the hole burnt by the laser beam, within the following 
50 s a spectacular propagation of the qN response 
took place, which first was limited to the right hand 



side of the mid rib and then in the course of another 
90 s also propagated to the left hand side of the mid 
rib. Obviously, the primary localized heating effect 
has triggered a signal that propagated via the leaf 
vein system. This signal could involve depolariza- 
tion of cellular membrane potentials, moving from 
cell to cell via the plasmodesmata (Schreiber et al., 
2003). Phloem cells in the leaf vein system may be 
particularly ‘excitable’ for the transmission of this 
response. Action potentials or variation potentials 
are considered plant-generated stress signals in 
response to environmental stress stimuli (Vian et al. 
1999; Volkov et al., 2000). Chi fluorescence imag- 
ing can be expected to play an important role in the 
characterization of such signals and the elucidation 
of the underlying mechanisms. 

The examples of PAM fluorometry presented in this 
section demonstrate the wide range of practical ap- 
plications of Chi fluorescence measurements, which 
have been largely extending beyond the original field 
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Fig. 19 . Coefficient of nonphotochemical quenching, qN, imaged at the upper surface of a dandelion leaf {Taraxacum officinale) show- 
ing spatiotemporal variations after spot heating by a pulse of near-infrared laser light. The leaf was illuminated by blue light (470 nm) 
at 80 //mol photons nr 2 s _l . Saturation pulses for assessment of quenching parameters were applied every 10 s. The displayed images 
were recorded: a) 10s before laser pulse heating, b) 20 s after laser pulse heating, c) after additional 60 s, d) after additional 60 s. qN 
values between 0 and I are coded by a scale of gray tones ranging from black to white. The gray tone dominating before the laser pulse 
corresponds to qN a 0.4 whereas the bright tone spreading via the vein system after the laser pulse corresponds to qN a 0.7. Measure- 
ments with the IMAGING-PAM fluorometer. See Color Plate 2, Fig. 2 for color images of the same measurements. 



of photosynthesis research. This development may be 
expected to continue in the near future with further 
progress in instrumentation following the general 
technical progress. 
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Summary 

This chapter deals with chlorophyll (Chi) a fluorescence signals and describes how fluorescence transients, 
known commonly as Kautsky curves, exhibited by photosynthetic organisms under different conditions can be 
analyzed to provide detailed information about the structure, conformation and function of the photosynthetic 
apparatus and especially of photosystem (PS) II. The emphasis in this chapter is on the work done by R. J. 
Strasser and his co-workers. The analytical formulation of the biophysics of the photosynthetic apparatus, ac- 
cording to models of different complexity regarding both the architecture of the photosynthetic unit and the 
modes of energetic communication among the pigment assemblies, as well as their links to the experimental 
fluorescence signals are derived, based on the so-called ‘Theory of Energy Fluxes in Biomembranes’. In this 
framework, the derivation of simple mathematical formulae expressing the energetic communication among 
PS II units, called in the literature as ‘grouping’ or ‘connectivity’, is presented in detail and the ‘overall grouping 
probability,’ which takes into account all possible pathways of communication, is defined. The chapter starts 
with fluorescence transients exhibited (a) in the presence of DCMU (3 -(3 ,4-dichlorophenyl)- 1 , 1 -dimethy lurea ) 
at room temperature and (b) at low temperature (77K), i.e. under conditions that reduce the complexity of the 
in vivo system, and then focuses on the analysis of the polyphasic fluorescence transient under physiological 
conditions, with emphasis on the fluorescence rise kinetics O-J-I-P (labeled also in the literature as 0-I r I 2 -P). 
The analysis of strong actinic light-induced O-J-I-P transients by, what we call, the ‘JlP-test’, which can be 
applied at any physiological state and for the study of any state transition, is presented in detail; it includes the 
full derivation of the formulae for the constellation of experimentally accessible parameters. These include the 
so-called ‘specific’ and ‘phenomenological’ energy fluxes, the yields, the fraction of PS II reactions centers 
(RCs ) that can not reduce the primary quinone acceptor of PS II, Q A , called as heat sinks or ‘silent’ centers, the 
fraction of RCs that can not reduce the secondary PS II quinone acceptor Q B , as well as the overall grouping 
probability. The influence of the donor side of PS II on the fluorescence kinetics, with emphasis on the appear- 
ance under certain conditions of an early step (at about 300 us, labeled as the K-step) in the regular O-J-I-P 
fluorescence transient, related to the inactivation of the water splitting system, is also discussed. Moreover, 
results from numerical simulations of the O-J-I-P transient are summarized with emphasis on the investiga- 
tion of the possible role of the PS II primary acceptor pheophytin. The chapter closes with the presentation 
of recent advances, achieved by simultaneous in vivo measurements of Chi a fluorescence rise kinetics and 
P700 oxidation kinetics. 



Abbreviations (also see Tables 1 and 2): B t fraction of closed reaction centers at time t; Chi chlorophyll; DCMU (Diuron) - 3-(3 ,4- 
dichlorophenyl)- 1 J -dime thy lurea; LHC II - light harvesting complex alb (major and minor) associated with Photo system II; OEC 
- oxygen evolving complex; P680 - reaction center Chi (special pair) of Photosystem II; P700 - reaction center Chi (special pair) of 
Photosystem I; Pheo - (or Ph) pheophytin; PQ - plastoquinone pool; PQH 2 - reduced plastoquinone (plastoquinol); PS - photosystem; 
Q a - primary quinone acceptor of PS II; Q B — secondary quinone acceptor of PS II; RC reaction center (used throughout the chapter 
only for PS II reaction centers); RC si - silent reaction center 
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I. Introduction 

Many experimental techniques are available today for 
the investigation of the energetic behavior of a photo- 
synthetic system. Chlorophyll (Chi) a fluorescence, 
though corresponding to a very small fraction of 
the dissipated energy from the photosynthetic appa- 
ratus, is widely accepted to provide an access to the 
understanding of its structure and function. There is 
a general agreement that at room temperature, Chi a 
fluorescence of plants, algae and cyanobacteria, in 
the 680-740 nm spectral region, is emitted mainly by 
photosystem (PS) II and it can therefore serve as an 
intrinsic probe of the fate of its excitation energy (for 
reviews, see Papageorgiou, 1975, 1996; Briantais et 
al., 1986; Govindjee et al., 1986; Krause and Weiss, 
1991; Dau, 1994; Govindjee, 1995; Lazar, 1999; also 
Chapters 3, Baker and Oxborough; 6, Vredenberg; 

II, Schreiber; and 18, Krause and Jahns). Both the 
spectra and the kinetics of Chi a fluorescence have 
proven to be powerful, non-invasive tools for such 
investigations (also see Chapter 8, Shinkarev). 

Concerning the kinetics, the fluorimeters used are 
of two basic types, one recording fluorescence signals 
induced by continuous, and the other by modulated 
excitation. There has been some debate concerning the 
advantages and disadvantages of the two techniques. 
However, as they both measure the fluorescence 
signal emitted by the photosynthetic apparatus, the 
information obtained from the two methods cannot 
be contradictory. What is really important is to make 
the links between the fluorescence signal and the 
biophysics of the system, for which an appropriate 
theory /methodology is needed. 

The emphasis in this chapter is on the work done 
by R. J. S. and his co-workers. The derivation of the 
links between the biophysics of the photosynthetic 
apparatus and the fluorescence signals and their ana- 
lytical formulation is based on the ‘Theory of Energy 
Fluxes in Biomembranes’ (Strasser, 1 978, 1981) and 
on the basic concept that the fluorescence yield of 
PS II is determined by the state - open or closed - of 
the reaction center (RC). (In Section VB.2, we will 
also discuss the role of ‘silent RCs’, i.e. those RCs 
that cannot reduce Q A , the primary quinone electron 
acceptor of PS II .) 

Without further assumptions, models of different 
complexity concerning energetic communication 
within a PS II unit as well as among PS II units (called 
in the literature as grouping or connectivity) will be 
presented. The theory of energy fluxes , which leads to 



simple algebraic equations expressing the equilibra- 
tion of the total energy influx with the total energy 
outflux for each pigment system under consideration 
(as summarized in Section II.A), will be applied 
(Section II.B ) to derive analytical solutions, valid for 
any model, for the energy fluxes in units with open 
and closed RCs; in this framework, the definition 
and derivation of the ‘overall grouping probability,’ 
which takes into account all possible pathways of 
communication, is presented in detail. The correlation 
of phenomenological with biophysical parameters 
will be discussed in Section II.C, taking into account 
that the resolution of fluorescence signals is lower 
than theoretical resolutions. 

Forthe analysis ofthe Chi a fluorescence transients, 
the dogma that the state of PS II RCs is defined only 
by the redox state of the PS II primary quinone accep- 
tor Q a , based on the theory of Duysens and Sweers 
(1963) and adopted by the majority of researchers, 
will be accepted as a first approach, while in Section 
VD, a possible role of the PS II primary acceptor 
pheophytin (Chapter 6, Vredenberg), favored by re- 
sults from numerical simulations of the fluorescence 
transient, will be discussed. In the current dogma, 
when Q a in a RC is reduced (Q A ) the RC is closed and 
the Chi fluorescence of the antenna is high, whereas 
when Q a is in the oxidized state, the RC is open and 
the fluorescence of the antenna is quenched, i.e. oxi- 
dized Q A quenches fluorescence. In fact, Duysens and 
Sweers had used the symbol ‘Q’ for a quencher. 

This chapter deals only with direct fluorescence 
signals. Sixty years after the report of the original 
Kautsky transient (Kautsky and Hirsch, 1931) the 
same O-P-S transient was recorded with a high time- 
resolution and, when plotted on a logarithmic time 
scale (Fig. 1), revealed a shape with many phases, 
rich in information for the status of the system in 
vivo (Strasser and Govindjee, 1992a, 1992b). The 
rise kinetics from O to P shows two intermediate 
steps, at 2 ms and about 30 ms, labeled by Strasser 
and Govindjee (1 992a, b) as J- and I -step respectively. 
Though these steps correspond to Ij and I 2 reported 
earlier by Neubauer and Schreiber (1987) (also see 
Chapter 11, Schreiber), Strasser et al. (1995) have 
provided reasons for our preference for the simpler 
O-J-I-P terminology. 

During the last several decades the utilization of 
DCMU (3 -(3 ,4-dichlorophenyl)- 1 , 1 -dimethylurea), 
to block the electron flow beyond Q A , and of low 
temperature (77 K), to block all secondary electron 
transfers, facilitated investigations of the photo- 
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Fig. /. A typical Chi a fluorescence transient (Kautsky curve) exhibited upon illumination of a dark-adapted pea leaf by saturating red light 
(peak at 650 nni), plotted on a logarithmic time scale. Fluorescence values are expressed as F/F 0 , where F 0 is the initial fluorescence (at 
50 (lis). The actinic light was focused on the sample surface to provide a homogeneous irradiation of the exposed area (4 mm diameter); 
the maximal intensity of the light source (600 W nr 2 , or 3200 pmol photons m 2 s ’), was used. The O-J-I-P fluorescence rise (see Fig. 
4 and legend) is followed by a decline to a steady-state S. Inserts show the same transient on different linear time scales: (a; center) up 
to 120 s, (b; top left) up to 200 ms and (c; top right) up to 20 ms. 



synthetic apparatus, as both treatments reduce the 
complexity of the in vivo system and permit the study 
of simpler components. Though the latter was also a 
disadvantage, the studies in the presence of DCMU 
(Section III) and at low temperature (Section IV) were 
very important for the advancement of knowledge and 
understanding of the biophysics of the photosynthetic 
machinery. Since at low temperature the fluorescence 
emission spectra show distinct bands attributed to 
various PS II and PS I antenna complexes, adequate 
information about energy exchange within PS II and 
energy distribution between the two photosystems 
could be provided by correlating the corresponding 
fluorescence transients. 

Section V deals with the analysis of the fluorescence 
transients in vivo. Simultaneously recorded transients 
at two wavelengths, 685 and 7 1 5 nm, are utilized by a 
method described in Section V A to provide informa- 
tion about the so-called ‘state 1 to state 2 transition’ 
reflected, along with other events, in the P-S decline 
of a Kautsky transient. (See Chapter 17, Allen and 
Mullineaux, for a discussion of state changes.) 

The analysis of strong actinic light-induced 



fluorescence rise kinetics O-J-I-P by, what we call, 
the ‘JIP-test’, which can be applied at any physi- 
ological state and for the study of any state transition, 
is presented in detail in Section VB., including the 
analytical derivation of formulae for the translation 
of selected data stored in the O-J-I-P transient to 
structural and functional parameters quantifying 
PS II behavior. The calculated parameters are: the 
so-called ‘specific’ (per RC) and ‘phenomenological’ 
(per excited cross section, CS, of a photosynthetic 
sample) energy fluxes of absorption, trapping and 
electron transport; the quantum yields of primary 
photochemistry and of electron transport, as well 
as the efficiency by which a trapped exciton moves 
an electron into the electron transport chain further 
than Q A; the density of Q A -reducing RCs which, by 
comparison of samples under different conditions, 
leads to the calculation of the difference in the frac- 
tion of non-Q A -reducing RCs (heat sinks or ‘silent’ 
centers); the so-called ‘performance indexes’ and 
‘driving forces’; the turnover number expressing the 
number of Q A reduction events until all Q A molecules 
are reduced; the average excitation energy of open 
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RCs from time 0 (when all RCs are open) until the 
time that all become closed; and the overall grouping 
probability. In the same Section (V.B. ), the estimation 
of the fraction of non-Q B -reducing RCs by what we 
call ‘double pulse’ experiments are also described. 

The influence of the donor side of PS II on the 
Chi a fluorescence kinetics, with emphasis on the 
appearance under certain conditions of an early 
step (K-step, at about 300 ps) in the regular O-J-I-P 
transient, related to the inactivation of the water 
splitting system, is discussed in Section VC, while 
Section VD refers to numerical simulations of the 
O-J-I-P transient, focusing on the possible role of the 
PS II primary acceptor pheophytin (Pheo). Recent 
advances from simultaneous in vivo measurements 
of fluorescence rise kinetics (10 ps time resolution ) 
and P700 oxidation kinetics (sub ms time resolution) 
are also included in the chapter (Section VE), as well 
as an outline of future perspectives (Section VF). 



II. Theoretical Background 

A. Theory of Energy Fluxes in Biomembranes: 
The Basics 

An energetic concept and a general applicable 
theory/methodology are needed to describe any 
proposed model. Thereafter, the behavior of the 
system according to the model can be predicted and 
predictions can be compared with the experimentally 
measured functions of the photosynthetic system (see 
Strasser, 1986). 

In our approach, the derivation of links between the 
energetic behavior of the photosynthetic apparatus 
and the fluorescence signals is based on the ‘Theory 
of Energy Fluxes in Biomembranes’ (Strasser 1978, 
1981). The theory was formulated in a general way, 
so that it could be applied to any pigment assembly 
in any type of biomembrane. So far, it has been 
mainly applied to studies in higher plants and algae, 
on energy exchange within and between PS II units, 
as well as from PS II to PS I, as will be presented 
in this chapter. It has also been employed for the 
formulation of the behavior of PS I and PS II in cya- 
nobacteria (Karapetyan et al., 1999), for studies of 
energy transfer in isolated pigment complexes, e.g., 
the light-harvesting complex (Gruszecki et al. 1994), 
or during protochlorophyllide to chlorophyllide 
photoreduction (Sironval et al., 1981, 1984; Stras- 
ser, 1984) and it can be further applied to any type 
of energy exchange among any bio-chromophore, 



as for example flavoproteins or bacteriorhodopsins 
(Strasser, 1980; Strasser and Butler, 1980). 

The methodological framework of the energy flux 
theory permits the rigorous definition of all terms 
often used in the analysis of energy distribution in 
the photosynthetic apparatus (flux, yield, probability 
and rate constants of excitation energy transfer). The 
theory introduces and defines five basic and distinct 
quantities related to any pigment system ‘i’ (see Table 
1) and postulates that, for any possible complex ar- 
rangement of interconnected pigment systems, their 
energetic communication can be expressed by simple 
equations, easily solved analytically, in terms of the 
five basic quantities, as shown below. 

ENERGY FLUXES (E): Energy fluxes for a given 
pigment system ‘i’ are separated into energy influxes 
and energy outfluxes. 

The total energy influx, E i; to a pigment system 
‘i’ (or the excitation rate of ‘i’) is given as the sum 
of all influxes: 

E i =J i +E E M (1) 

h 

where, .( is the light absorption flux by pigment 
system ‘i’ and E hi the energy transfer flux from a pig- 
ment system ‘h’ to pigment system ‘i’. Since influxes 
and outfluxes are rapidly equilibrated in a pigment 
system ‘i’, the total outflux (or the total de-excita- 
tion rate of ‘i’) is equal to the total influx; hence, it 
is also denoted as Ej. 

The energy outfluxes from pigment system ‘i’ (or 
de-excitation rates of ‘i’) include energy transfers or 
transductions to another location or form, ‘j ’ . Hence, 
the total outflux is given as: 

E, = E E u (2) 

j 

which can be further expanded as: 

E. =VE. + E, + E 

l Z J lm iP tD 

m 

=E E im + E ,+ E H + E , ( 2 ') 

m 

where, E im is the energy transfer flux from pigment 
system ‘i’ to a pigment system ‘m’, E iP the energy 
outflux transduced into photochemical energy and 
E iD the energy dissipation flux from pigment system 
‘i’, comprising the heat dissipation flux E iH and the 
fluorescence flux E iF (experimentally measured 
as F ; ). 

RATE CONSTANTS (k): Each individual energy 
outflux (or de-excitation rate) from ‘i’ to ‘j’ is char- 
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Table 1. The five basic quantities referring to a pigment system ‘i\ as defined in the Theory of Energy Fluxes 
in Biomembranes 

Energy fluxes 

Energy influxes (excitation rates) 

J i light absorption flux by pigment system ‘i* 

E hi energy transfer flux from a pigment system TT to pigment system T 

„ total energy influx to pigment system T 

Ei 

Energy outfluxes (de-excitation rates) 

E y energy outflux from pigment system ‘i* transferred/transduced to a location/form ‘j’ 

E iP energy outflux from pigment system ‘i* transduced to photochemical energy 

E iD energy dissipation flux from pigment system ‘i* 

E iH heat dissipation flux from pigment system ‘i* 

E iF fluorescence flux from pigment system ‘i* 

total energy outflux from pigment system ‘i* 

De-excitation rate constants 

k y rate constant of the energy flux from pigment system T to a location/form ‘j’ 

Lifetimes 

Tj lifetime of the excited state of pigment system ‘i* 

Probabilities 

py probability of exciton transfer/transduction from pigment system ‘i* to a location/form ‘j’ 

Exciton densities 

P i * concentration of excited pigments ‘i* or energy content of the excited pigment system T 



acterized by a de-excitation rate constant ky. (In the 
following we assume that all de-excitations are of 
first order; in case of second order de-excitations, 
the de-excitation flux would be expressed by the 
product of the exciton density, the rate constant and 
the concentration of the energy acceptor.) 

LIFETIME (t): The lifetime of the excited state of 
pigment system ‘i’, denoted as x 0 is given as: 

L = l/E k u (3) 

j 

PROBABILITIES (p): The probability p y that 
an exciton is transferred/transduced from pigment 
system T to a location/form ‘j’ is expressed either 
in terms of the energy outfluxes or in terms of the 
de-excitation rate constants as: 

p. = E../Ve. = E../E. (4) 

r n y Z / y y i v y 

j 

and, 

p = k.. / y'k.. = k. t (5) 

r y y Z— / y y i - 

j 



EXCITON DENSITY (P*): The exciton density or 
concentration P ; * of excited pigments ‘i’ (or energy 
content of the excited pigment system V) is given 
as: 

Pt = E i x i (6) 

From the above definitions of the five basic quanti- 
ties (for a summary see Table 1) and their interrela- 
tions expressed by Eqs. 1-6, it is easily deduced that 
any outflux from a pigment system ‘i’ to any destina- 
tion ‘j’ can be equivalently expressed as: 

E ij = E i Pij = E i (L k ij ) = ( E i L ) k ij = P* k y 

(7) 

B. Energy Fluxes in the Photosynthetic Unit 

Models of different complexity can be proposed to de- 
scribe the photosynthetic apparatus . Their differences 
can refer to structure and/or conformation. We call 
‘ structure ’ the chemical composition and architecture 
of pigment assemblies, and we attribute the term 
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‘conformation’ to the constellation of de-excitation 
rate constants. Any model, of any complexity, even a 
poly partite one consisting of core antenna Chi protein 
complexes (CP47 and CP43), minor Chi alb binding 
protein complexes (CP29, CP26 and CP24), major 
Chi alb binding protein complexes and subunits 
(Ke, 2001 ) can easily be formulated mathematically 
with the energy flux theory, leading to derivations of 
analytical equations for the constellation of energy 
fluxes defining the function of the system ( Strasser, 
1978, 1981 ). However, the goal is to apply the energy 
flux theory for the interpretation and utilization of 
the phenomenological observations, and here of 
the Chi a fluorescence of a photosynthetic system; 
hence, the degree of the complexity of a model is 
meaningful only if the experimental signal has the 



corresponding resolution. 

In the models schematically presented in Fig. 2, 
structure is symbolized by squares for pigment pools 
and circles for RCs, while arrows are used to symbol- 
ize the energy fluxes E Sj and. hence, to demonstrate 
indirectly the conformation, i.e. the rate constants k (j 
(since = P' k lj( as expressed in Eq. 7). AH models 
in Fig. 2 were assumed to be identical concerning 
structure, the complexity of which was reduced from 
the many pigment assemblies to three, as in Warren 
Butler’s original tripartite model ( Butler and Stras- 
ser. 1977a; Strasser. 1986). in accordance with the 
limitation of Chi a fluorescence measurements to 
reveal further heterogeneity. These tripartite models 
assume two antenna pigment pools in PS II, namely 
the distal antenna assembly (minor and major) or 




Fig. 2. Tripartite models of the photosynthetic apparatus, of a higher (Model l) or of a lower complexity (Model 2) level. Squares and 
circles represent pigment pools and RCs respectively, while arrows demonstrate energy fluxes. The models assume two antenna pigment 
pools in PS II (LHC II, labeled as ‘3*. and core antenna, labeled as ‘2'), channeling finally excitation energy to the PS II reaction center 
(labeled as ‘b’), while the PSI antenna pigment pools (shown only by the arrows demonstrating energy migration fluxes) channeling 
excitation energy to the PSI reaction center (labeled as ‘a') are regarded as one site (labeled as * 1’). Model 1 assumes energy dissipation 
E lD , both as heat and as fluorescence (E c E iH + E iF ) by all PS II sites, variable energetic communication between core antenna and RC 
within a PS II unit (trapping T: E^ and E b2 ), between core antenna and LHC II within a PS II unit (coupling C: E 23 and E 3 , ), between 
like sites of neighboring PS II units (grouping G: E^, E 22 and E^,) and between PS II and PSI sites (migration M: Ej P E 13 , E 2P E 12 , E^ 
and E^). Model 2 is of lower complexity concerning energy communication, as specified by setting some energy fluxes equal to zero 
and eliminating the corresponding arrows. Models 1 and 2 are statistical models, pooling together PS II units with RCs of three different 
conformations; model 2 is further deconvolved into digital models, one for each conformation: Model 2a: Open RC (only primary pho- 
tochemistry PA -*• P‘A"; Model 2b: Closed RC (only energy cycling): Model 2c: Silent RC (RC*') or heat sink (only heat dissipation). 















328 



Reto J. Strasser, MeropeTsimilli-Michael and Alaka Srivastava 



LHC II- PS II light harvesting complex alb (labeled 
as ‘3’) and the proximal or core antenna assembly 
(labeled as ‘2’), channeling finally excitation energy 
to the PS II reaction center (labeled as ‘b’), while the 
PS I pigment systems channeling excitation energy 
to PS I reaction center (labeled as ‘a’) were regarded 
as one site (labeled as ‘ 1’). In the interest of simplic- 
ity, the PS I models are not shown in Fig. 2, but only 
indirectly indicated by the arrows corresponding to 
the energy migration fluxes. 

In principle, an excited PS II antenna pigment 
pool (‘2’ or ‘3’) can perform all types of de-excita- 
tions, with probabilities defined by its conformation, 
except for primary photochemistry. On the contrary, 
an excited RC (‘b’) can perform any type of de -ex- 
citation, including energy conservation in primary 
photochemistry PA -> P A - (P standing for P680, 
i.e. the PS II reaction center, and A for the primary 
electron acceptor of PS II). However, it performs only 
that which is determined by its actual conformation 
(see e.g., the digital models 2a, 2b, 2c). Models 1 and 
2 are statistical models, in the sense that they pool 
together units with RCs of different conformation. 

Model 1 keeps the full complexity of the system, 
assuming: (1) Light absorption as well as energy 
dissipation ( with E iD standing for total dissipation, 
i.e. heat (H) and fluorescence (F), E iD = E iH + E iF ) by 
all PS II sites. (2) Variable energetic communication 
between: (a) core antemia and RC within a PS II 
unit (quantified by the trapping product T); (b) core 
antenna and LHC II within a PS II unit (quantified 
by the coupling product C); (c) like sites (RC - RC, 
core antenna - core antenna and LHC II - LHC II) 
of neighboring PS II units (called as grouping G, a 
term introduced by Strasser(1978, 1981)forvariable 
connectivity and quantified by the overall grouping 
probability p 2G — from zero to unity); and (d) PS II 
and PS I sites (called as migration M). 

The terms trapping product T = p 2b P b2 and cou- 
pling product C = p 23 P 32 (where p y is the probability 
of energy transfer from ‘i’ to ‘j’, as defined above) 
were introduced by Strasser (1978, 1981), with the 
term ‘product’ denoting that in both cases an energy 
cycling occurs between the two pigment systems 
involved. 

Model 2 is of lower complexity than model 1, as- 
suming light absorption and fluorescence emission 
by the RC as negligible and adopting the following 
simplifications concerning conformation: No group- 
ing of RCs (k bb = 0 ), no migration between the reaction 



centers of PS II and PS I (k ba = k ab = 0 ) or from PS I 
to the pigment pools of PS II (k 13 = k 12 = 0). With 
these simplifications, a RC, after capturing an exci- 
ton, can be de-excited by three different pathways, 
i.e. primary photochemistry PA->P + A', or energy 
cycling as back transfer to antenna pigment pool ‘2’, 
or heat dissipation. Fig. 2 shows the deconvolution of 
the statistical model 2 into digital models for these 
three discrete cases, which correspond to different 
conformations of the RC: 

Model 2a: Open RC (superscript ‘op ’, only primary 
photochemistry), described by k b p 2 = k b ^ = 0 =*> p bP 
1 and T' p =-(.). 

Model 2b: Closed RC (superscript ‘cl’, only energy 
cycling), described by k bp = k bD = 0 =s> p b2 = 1 and 

T d = P 2b - ' 

Model 2c: Silent RC or heat sink, i.e. a RC which 
dissipates all its excitation energy (superscript ‘si’, 
only heat dissipation), described by k bP = k b2 = 0 =s> 
p bD = 1 and T si = 0. (See Section VB.2 for discus- 
sion of the experimental evidence for the existence 
of silent reaction centers and a way to calculate their 
fraction.) 

The energy flux theory can be applied to formulate 
any of the models shown in Fig. 2. However, the Chi a 
fluorescence signals provide no information that 
would allow us to distinguish between models 1 and2, 
or between these models and the models constructed 
on the basis of the exciton radical pair (Lavergne 
and Trissl, 1995; Trissl and Lavergne, 1995). The 
variable Chi a fluorescence reflects entirely the dif- 
ference between RCs that conserve energy in primary 
photochemistry (open), or cycle energy back to core 
antenna (closed). Hence, from all possible models, 
we proceed here to show analytically how the energy 
flux theory is applied to the two discrete states, open 
and closed, of the simplified model 2, denoting by B 
the fraction of closed RCs. 

Writing Eq. 1 for the two antenna pigment pools 
(i = 2 or 3) and the RC of PS II (i = b), gives the 
following system of equations for the total influxes 
or excitation rates, where each probability is deter- 
mined by the appropriate rate constants (see Fig. 2 
and Eq. 5): 

E 3 p= J 3 + (1 - B) E 3 p p 33 + B E 3 p 33 + E 2 P p 23 (8) 

E 3 = J 3 + (1 - B) E° 3 p p 33 + B E 3 p 33 + Ef p 23 (9) 

E? = J 2 + (1 - B)E 2 p p 22 + BE 2 p 22 + E 3 P p 32 (10) 
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El = J 2 + (l-B)E?p 22 + BE*p 22 + 

+ E‘ 1 p‘ 1 2+E‘ 1 p 32 (11) 

Eb P = E 2 p p 2b (12) 

E°b = E 2 p 2b (13) 

The system of Eqs. 8-13, which are simple al- 
gebraic equations, can be easily solved to give the 
expressions for the total energy influxes of each of 
the three PS II sites (‘3’, ‘2’ and ‘b’), both at the 
open and the closed state, only in terms of the ab- 
sorbed light energy fluxes, the probabilities of energy 
transfer and the fraction of closed RCs. Once these 
expressions are derived, all partial outfluxes within 
PS II, as well as towards PS I, can also be derived 
in terms of the probabilities or the rate constants, 
according to Eq. 7. 

In the following Sections II.B. 1 and II.B.2 we focus 
on the energy influxes in the core antenna (‘2’). In 
Section II.B. 1 we deal with the extreme cases, when 
all RCs are either open (B = 0) or closed (B = 1, 
maximal value), and we give the expressions for the 
energy influxes, denoted as E 2 P 0 and E 2 M respectively. 
In Section II.B.2 we proceed with the general case, 
deriving the general expressions for E 2 P and E 2 , 
the energy influxes in units at the open and closed 
state respectively, valid for any fraction of open and 
closed RCs. 



1. Energy Influxes when All Reaction Centers 
Are Open or Closed 

The influxes E 2 P 0 (when all RCs are open), and E 2 M 
(when all RCs are closed) are given by the following 
expressions, derived by solving the system of Eqs. 
8-11, where the corresponding value of the fraction 
of closed RCs, B = 0 or B = 1, is substituted: 



gop T E3P32 ! (1 P33 ) 

2 ’ 0- l-p 22 -C/(l-p 33 ) 



(14a) 



E 



cl 

2,M 



J; 4 ~ J3P32 / (1 P33) 
l-p 22 -T-C/(l-p 33 ) 



(14b) 



Note that in Eq. 14b, T stands forT cl , which, according 
to our model (see Fig. 2), is the only trapping product 
different than zero: T = p 2b pb 2 = p 2b - 
The expressions for the energy influxes in the 



LHC II (antenna pigment pool ‘3’) or the RC (‘b’) 
can be deduced (not shown here), by substituting 
Eqs. 14a and 14b into Eqs. 8 and 9, or into Eqs. 12 
and 13, respectively. 

2. Energy Influxes for any Fraction of Open 
and Closed Reaction Centers 



The general expressions, valid for any fraction of 
open and closed RCs, for the energy influxes E 2 P and 
E 2 and, concomitantly, for the total influxes in all 
open, E 2 p tot , and all closed units, E 2 ‘ tot , are derived by 
solving the system of Eqs. 8-1 1 and with a suitable 
rearrangement of the solutions utilizing Eqs . 1 4a and 
14b. The general expressions are: 



g°P _ £"P 



1 + C« 



1 +c^a-B) 



pop pop 

n 2,tot E 2,0 



(1+Chyp) 

[i + Chyp(1-B)J 



(l-B) 



(15a) 



F cl — F cl 

^2 ~ E 2,M 



1 



T7Cl -pel 



1 + C HYP (1-B)j 

1 



1 + CpCl-B) 



B 



where, C HYP is equal to: 



(16a) 



E cl 






1-C 



P 22 + c - 



(17) 



The expressions for the energy influxes in the 
LHC II (‘3’) or the RC (‘b’) can be deduced (not 
shown here), by substituting Eqs. 15a and 16a into 
Eqs. 8 and 9, or into Eqs. 12 and 13, respectively. 

Equations 15a and 16a express hyperbolas and 
are written in a way to reveal the curvature constant 
C H yp ( so named by Strasser 1978, 1981) as a distinct 
quantity. Furthermore, the expression of C HYP in Eq. 
17 is set as the product of two distinct terms, the 
first defined only by the energy influxes at the two 
extremes (i.e., with all RCs either open or closed) 
and the second comprising only the probabilities 
that refer to all types of energetic communications 
among the PS II pigment pools; hence the latter 
was named the ‘overall grouping probability’ for 
antenna pigment pool ‘2’ (Strasser, 1978, 1981) and 
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is symbolized as p 2C : 



P 2 G 1 


-C 


Hence, 






[e! 1 


c = 

HYP 


2,M 

pop 

l 2,0 



p„+ c 



33 



1 - P33 J 



-1 



(18) 



(17') 



Generally defined, the overall grouping probabil- 
ity p iG is the probability by which an exciton at any 
site ‘i’ of a pigment bed moves to a like site ‘i’ in 
a neighboring unit using all possible pathways. Eq. 
18 refers to a particular model (model 2 of Fig. 2) 
and expresses specifically the overall grouping prob- 
ability for exciton transfer among antenna pigment 
pools ‘2’, realized both by a direct transfer ‘2’ 

‘2’ and a sequential transfer ‘2’ ‘3’, ‘3’-* ‘3’ and 

‘3’-> ‘2’. Setting any of the respective probabilities 
equal to zero leads to a model of lower complexity 



according to the Grouping Concept (Strasser, 1978, 
1981), with p 2G transformed accordingly (see Fig. 
3). However, the splitting of C HYP in two terms (see 
Eq. 17') is valid for all possible levels of complexity, 
higher (e.g., model 1 of Fig. 2) or lower (e.g., C HYP = 
0), with the first term remaining always the same, and 
the second, i.e. the p 2G , modified accordingly. 

If no grouping is assumed between the PS II units 
(P22 = 0 and p 33 = 0), i.e., if the model of separate 
units is considered, C HYP becomes zero; hence, the 
hyperbolic dependence of the total influxes in all 
the open and in all the closed units, described in Eq. 
15a and Eq.l6a, degenerates to a linear dependence 
(superscript 4 un’ stands for ‘ungrouped’): 

E°2 P ’ IS = ( 1 “ B) E 2 P 0 (15b) 

and, 

E?;!S = BE‘' iM (16b) 

Focusing on the total energy influx in the open 



It 
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Fig 3. Models of different complexity with respect to PS II architecture (small and big units) and variable energetic connectivity, i.e. 
variable overall grouping probability p 2ti (from separate units, p 2(i = 0, to fully connected units, p 2G = 1). White and black circles stand 
for open and closed RCs respectively and black boxes for pigment pools (‘2’ and ‘3’, as in Fig. 2). The energy cycling between differ- 
ent pigment sites is indicated by a double line joining them, while the ‘one-way’ energy transfer (from core antenna to an open RC) is 
represented by a single line. The function V = f(B), which is a hyperbola with vertical asymptote, expresses the relation between the 
relative variable fluorescence and the fraction of closed RCs, valid for all models; the equation expressing the curvature constant C HYP , 
common to all models, is also given. The general equation for p 2(J , derived (see text) for the highest complexity model that assumes 
variable energetic connectivity (top-left model in a double frame), is also valid for all models; by appropriate substitutions of k 22 and 
k„, the rate constants of grouping (connectivity), with zero for no connectivity or infinite for full connectivity, the general equation is 
transformed to specific expressions of p 2(1 for each of the shown models of lower complexity. (Based on a figure by Strasser, 1981 .) 
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RC units (which are of interest to the ‘economy’ of 
photosynthesis) and comparing Eqs. 15a and 15b 
we see that, for the same fraction (1 - B) of open 
RCs, the total energy influx is bigger when the 
units are grouped than when they are ungrouped. 
Hence, their ratio E° p tot /E op> ™ , which is equal to (1 + 
ChypV[ 1 + C HYP (1 - B)], has been denoted as ‘gain 
factor’ (Strasser, 1981). By definition the gain factor 
equals unity in the case of ungrouped units. For any 
fraction B of closed RCs, the gain factor increases 
as C HYP increases. For any given C HYP , the gain factor 
increases with increasing B, assuming values in the 
range from 1 , when B = 0, to 1 + C HYf , when B = 1 . It 
should be emphasized that the gain factor is expressed 
per open RC; hence when it is m a xim a l there are no 
more open RCs to benefit. 

C. From Biophysical to Experimental 
Parameters 

1. Fluorescence Signals 



as F 0 ) or closed (denoted as F M ), are written as: 

F 0 = E 2 ,o P 2 F (20a) 

and, 



F m F ym p 2f 



(20b) 



Using Eqs. 14a and 14b, the expressions of F 0 
and F m are derived, in terms of the de-excitation rate 
constants (see Fig. 2): 



Jk 



I ^23 (^3D k 31 ) I 1, I 

+ V +k 2i + 

K 32 ^ K 31 ^ .3D 



(21a) 



and. 



Jk 2F 



23 ( k 3D k 31 ( , 1. , 

k +k + k + ^ 21 + 

K 32 ^ K 3L ^ .3D 



(21b) 



Once the total energy influx is formulated, the expres- 
sions for the fluorescence outfluxes from the core 
antenna and the LHC II, both for the open and the 
closed state, i.e. E° p tot , E° p Ftot , E pl F tot and E pl Ftot , are 
directly derived by applying Eq. 7, i.e. by multiplying 
with the appropriate probability (p 2F or p 3F ). In the fol- 
lowing, we assume that the experimental fluorescence 
signals emerge only from antenna pigment pool ‘2’. 
Though only a fraction of the fluorescence outfluxes 
reaches the light detector, the fraction can be taken 
as equal to 1 since the fluorescence intensities are 
in arbitrary units. Ignoring for the moment possible 
influences from the donor side or quenching by 
oxidized plastoquinone or P680 + , the fluorescence 
signals from open (F° p ) and closed (F cl ) units are 
written respectively as: 

F° p = Ejj( tot = E° p tot p 2F (19a) 

and, 

F cl = E 2Ftot = E 2tot p 2F (19b) 

a. Fluorescence Signals when All Reaction 
Centers Are Open or Closed 

According to the general Eqs. 19a and 19b, the 
fluorescence emitted when all RCs are open (denoted 



where, J is the influx to antenna pigment pool ‘2 ’ that 
is solely due to absorbed energy (directly by ‘2’ and 
also through ‘3’): 



J + J_ + J, — 
2 3 1- 



- = J + J 22 

2 3 k„ + k + k„ 



( 22 ) 



The terms in the denominator of Eq. 21a can be 
classified in two categories: (a) Rate constant k 2b 
which, since p b p p = 1, determines the primary photo- 
chemistry of PS II and hence it can be written as k 2P . 
(b) Terms determining net outfluxes from core an- 
tenna, as dissipation k 2D + k 23 k 3D / (k 32 + k 3 , + k 3D ) and 
migration k 21 + k 23 k 31 /(k 32 + k 31 + k 3D ), i.e. outfluxes 
not used for PS II photochemistry; their sum can be 
hence replaced by an overall rate constant k^. Thus 
Eqs. 21a and 21b can be written as: 



F„ = J- 



k-2P T ^2N 



and, 



(21a') 




(21b') 



As shown by Eqs. 21a and 21b, F 0 and F M do not 
depend on k 22 and k 33 , the rate constants of grouping. 
This is expected since all units, being at the same 
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redox state, have the same exciton density and, thus, 
the exchanged energy between any two of them is the 
same in both directions. 



b. Fluorescence Signals for any Fraction of 
Open and Closed Reaction Centers 



Applying the general Eqs. 19a and 19b for any fraction 
of open and closed RCs, for which the total energy 
influxes are given by Eqs. 15a and 16a, we get the 
expressions for the fluorescence P p of all open units 
and F cl of all closed units and, concomitantly, for the 
total fluorescence, F, of the whole illuminated sample 
(Strasser, 1978, 1981): 



p°p = p 

1 L o 



(1-B) (1+Cnyp) 

1 + Chyp(1~B) 



F cl = F, 



B 



1 + Chyp(1-B) 



and, 



(23a) 

(23b) 



1 + W1-B) v ' 

which is a hyperbola with vertical asymptote. The 
derivation and formulation presented here was re- 
ported by Strasser (1978, 1981) and Strasser and 
Greppin (1981); however, Joliot and Joliot (1964) 
were the first to observe the hyperbolic relation be- 
tween fluorescence and fraction of closed centers, 
which led them to propose the existence of energetic 
connectivity of the PS II units. 

Using Eqs. 17', 20a and 20b, the curvature constant, 
C HYP , is written as: 




(28) 



Using Eq. 27, we can now rewrite Eqs. 15a, 16a, 
23a, 23b and 24, as follows: 



ES ot =E°p(l-V) (15a') 

Ett = E V (16a') 



p _ p0P pd _ 



F 0 (1 + C hyp )( 1-B) + F m B 
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(24) 



Note that the fluorescence signals P p and F cl , and 
concomitantly F, are functions of B, which is a func- 
tion of time t. 

The second term in Eq. 24 is obviously the actual 
(i.e. at any time during the fluorescence induction) 
variable fluorescence E(,: 



F =F — F 0 =(F M — F 0 ) 



B 

1 + Chyp(1-B) 



(25) 



Hence, the relative variable fluorescence V, defined 
as the ratio of the variable fluorescence to the maximal 
variable fluorescence F v , i.e., 




(F-Fp) 

(Fm ~ F o • 



(26) 



is expressed in terms of B, the fraction of closed RCs, 
by the function: 



P p = F 0 (l -V) 


(23a') 


F d = F M V 


(23b') 


and, 




F = F 0 +VF v 


(24') 



Equations 23a' and 23a' are very useful for the 
deconvolution of the fluorescence kinetics into the 
fluorescence kinetics of open and of closed units 
(Strasser, 1978, 1981), as will be discussed later in 
Section III. 

2. Experimental versus Theoretical Resolution 

The above equations were derived (Strasser 1978, 
1981) on the basis of model 2 (for open and closed 
RCs only) of Fig. 2. However, Eq. 27 and the splitting 
of C HYP in two terms (Eq. 17' and Eq. 28) are valid 
for all possible levels of complexity, even for levels 
higher than that of the tripartite model 1 of Fig. 2, 
i.e., for any polypartite model with any number of 
pigment complexes and different modes of energetic 
communication among all of them. Independently of 
the model, the first term of Eqs. 17' and 28, i.e. the 
biophysical expression [(E^ M /E° p 0 )- 1] (Eq. 1 7') and 
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the corresponding experimental expression [(F M /F 0 ) 
- 1] (Eq. 28) remain always the same, while the second 
term of both equations, p 2G , is modified accordingly 
as described by Eq. 18. It is worth pointing out that 
these equations are equivalent, though they look 
different, to equations published by other authors 
who studied the same subject. In order to see the 
equivalence with the equation first reported by Joliot 
and Joliot (1964), we note that the apparent differ- 
ence is due to the consideration at that time that only 
variable Chi fluorescence was emitted by PS II. The 
equivalence with the equations published by Paillotin 
(1976), which were derived on the basis of a model 
where the limited connectivity was realized through 
the energetic communication of LHCs II only (see 
also Strasser and Butler, 1977d), is recognized only 
after rearrangement of the equations. Moreover, the 
equations derived on the basis of the exciton radical 
pair (Lavergne and Trissl, 1995; Trissl and Lavergne, 
1995) are also equivalent to Eqs. 27 and 28. The 
differences, which nevertheless do not affect the 
equivalence, are restricted to the expression of the 
probability corresponding to p 2G , resulting from the 
assumptions of the model used, as expected. 

A major advantage of the approach presented in this 
chapter is that Eqs. 27 and 28 incorporate, through 
Eqs. 17 and 18, the dynamics of the complexity by 
using variables for the different levels of structure and 
conformation. Thus, they can describe the behavior 
and, concomitantly, the activity of the photosyn- 
thetic sample under different conditions or different 
developmental stages resulting in lower complexity, 
without necessarily modifying the basic Eqs. 8-13, 
but only by modifying Eqs. 17 and 18 (Fig. 3). For 
example, in the case of small units, i.e., of those 
deprived of LHC II, as in several known mutants, 
or when the LCH II complex is phosphorylated and 
detached (e.g.,Tsalaand Strasser, 1984), or during the 
development of the photosynthetic apparatus under 
special conditions like intermittent light ( Strasser and 
Butler, 1977b; Akoyunoglou, 1981; Srivastavaetal., 
1999), all variables referring to pigment system ‘3’ 
(see Fig. 2) are set equal to zero (bipartite model). 
Equations 27 and 28 can be used as well for any 
model of lower complexity concerning the energetic 
connectivity, between the extreme case of separate 
units (no grouping, i.e. k 22 = 0 and k 33 = 0 ) where p 2G 
is equal to zero and thus V = B, and the case of lull 
connectivity between core antennae (k 22 = oo, lake 
model) for which, independently of the extent of 
grouping between peripheral antennae (i.e. for any 



value of k 33 ), p 2G = 1 and, concomitantly, C HYP = F v /F 0 . 
Moreover, any quenching in any pigment system can 
be taken into account by incorporating in the dissipa- 
tion rate constants of that system an additional term, 
equal to the product of the quenching rate constant 
and the quencher concentration. 

However, the experimental resolution is much 
more limited than the theoretical resolution. For the 
most common studies, i.e. of mature photosynthetic 
samples at room temperature, the fluorescence signals 
do not provide information about the distribution of 
the absorbed energy (J 2 and J 3 ) in the two antenna 
pigment complexes. It is neither possible to dis- 
tinguish between fluorescence emitted by the core 
antenna and the LHC II, nor between their energy 
dissipation or migration, unless measurements of 
fluorescence lifetimes are also conducted (Chapter 
21, Gilmore). Hence, the tripartite model, having 
a theoretical resolution that becomes meaningless, 
should be replaced by a bipartite working model 
that considers core antenna and LHC II as one site 
(labeled as ‘2’); we will then read the derived equa- 
tions. setting as equal to zero all variables referring 
to antenna pigment pool ‘3’. In Section IV we will 
go back to the tripartite model since fluorescence 
signals at low temperature have a better resolution. 
It is worth pointing out that the tripartite model is 
also useful when studying photosynthetic samples 
at different developmental stages, from small units 
(only core antenna) to big units (core antenna and 
LHC II), with gradually increasing complexity re- 
garding conformation (Strasser, 1978). 

Actually, the information provided from fluores- 
cence kinetics leads only to the distinction between 
units with low and high fluorescence yields, which 
are translated to units with open and closed RCs, re- 
spectively. However, the further consensus that a RC is 
closed, i.e. it does not perform photochemistry, when 
the primary quinone acceptor Q A is reduced, is still 
a dogma as it is not fully supported by experimental 
evidence; e.g. there is no experimental resolution 
to distinguish if it is the redox state of Q A or of the 
primary acceptor Pheo that defines a closed or open 
RC (Chapter 6, Vredenberg). Recognizing this un- 
certainty, our model is formulated in a more general 
way, denoting the primary acceptor by A (see Fig. 2) 
and avoiding so far any reference to the redox state 
of Q a ; hence, the derived formulae have a broader 
validity. Keeping the question open to be discussed 
in Section VD, we accept in our analysis below the 
equivalence ‘open <=> Q A and ‘closed <=> Q~ ’ , which 
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means that B = [Q v ]/[Qjf al ], where [Q^' al ] the total 
concentration of the bound and reducible quinone. 

3. Yields and Probabilities 

The term ‘yield’ refers to a certain partial outflux E ix 
from a pigment system ‘i’ and is often considered in 
the literature as synonymous with efficiency. Hence, 
the yield is defined as the ratio of the outflux E ix to the 
total energy influx E P the latter assumed as equal to 
the energy flux J, absorbed by the system. However, 
as the energy flux theory clearly postulates, E, is 
generally bigger than J ; , due to the energetic commu- 
nication of different pigment assemblies. Therefore, 
the yield (p ix = E 1X /J 1 should be distinguished from the 
probability p Lx = EJE t . 

As an example let us consider the fluorescence 
yields at the extremes, (p Fo = F 0 /J 2 and (p F[vI = F M / J 2 (for 
a bipartite model, i.e. with J = J 2 ). According to Eqs. 
21a and 21b, the yields are given as cp Fo = k 2F /(k 2b + 
k 21 + k 2D ) and (p Fw = k 2F /(k 21 + k 2D ), i.e. as ratios of the 
fluorescence rate constant k 2F to the sums of the rate 
constants that describe net outfluxes. Hence, they are 
completely different than the fluorescence emission 
probability p 2F , which is the ratio of k 2F to the sum 
of all rate constants describing all energy outfluxes 
from antenna pigment pool ‘2’ (see Eq. 5). 

4. Quantum Yield of Primary Photochemistry 






J 2 

1 ~~ P 22 



(14a') 



Hence, the expression of the maximum quantum 
yield of primary photochemistry in terms of de-ex- 
citation rate constants is derived as: 



<P P „ = 



P,„ 



' 2 
k„ 



^2P ^ ^2N 



^ P22 

= 1 



^2b ^21 ^2D 



^2P ^2N 



(30) 



Using Eqs. 21a'and 21b', Eq. 30 is written as: 




Hence, Eq. 29' is re-written as 



(30') 



‘Ppx = ( < Pp 0 )(l _ Yt) 




(31) 



or 




(32) 



According to the above clarification for fluorescence 
yields, the quantum yield of primary photochemistry, 
cp Px (subscript ‘x’ refers here to the conditions, e.g. 
to a certain time in the course of illumination, or 
the actinic light intensity, or the adaptation condi- 
tions) is defined as the ratio of the total energy flux 
(1 - B x )E b °Pp b °p = E°P totx p 2b p°p p trapped by open RCs 
and used for primary photochemistry, to the influx 
J 2 . Taking into account that p$ = 1 (model 2, Fig. 2) 
and recalling Equation 15a' we obtain: 

<Pp x — E 2 !to, iX p 2b /J 2 — ( ETj p 2fc J 2 )(l — V x ) (29) 

When all RCs are open, V equals 0; as shown by 
Eq. 29, the quantum yield (p Px attains then its maxi- 
mum value, E^ 0 p 2b /J 2 , denoted as cp Po . Hence, Eq. 
29 is written as: 

<P Px = (%,)(! -V x ) (29') 

Assuming a bipartite model, Eq. 14a becomes 



It is worth reminding the readers about the ‘history’ 
of the above equations. Equation 30' is the well-known 
Warren Butler’s formula (see Kitaj ima and Butler, 
1975), derived both for the case of separate units, 
as well as for the lake model, i.e. for the completely 
connected units (called in their paper as ‘matrix’). 
Paillotin (1976) derived the equation <p Px = (p Po [(F M 
- F x )/(F m - F 0 )] (written here with the symbols that we 
use, to facilitate comparison). Applying the theory of 
energy fluxes, Strasser (1978) derived Eqs. 29 to 32, as 
shown above. Note that the term [(F M - F X )/(F M - F 0 )] 
in the equation of Paillotin is identical to (1 - V x ); 
moreover, it is identical with the so-called photo- 
chemical quenching, qQ or q p , commonly used for 
the steady state of the Kautsky transient, i.e. for F x = 
F s . Hence, when Eq. 32 is applied to a light adapted 
steady state, it gives the quantum yield of primary 
photochemistry <p ps at that state (subscript ‘x’ writ- 
ten as subscript ‘S’), i.e. <p ps = 1 - F S /F M . The same 
formula expresses also the quantum yield of electron 
transport, but only because it refers to a steady state, 
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i.e. to a state where the flux for electron transport is 
equal to the flux for primary photochemistry (p ps . This 
formula, equivalently written as (p ps = AF/F M (where 
AF= F M - F s ), is also known and used now as Genty ’s 
formula (Genty et al., 1989) for the quantum yield of 
electron transport, labeled then as <p PSII or <p e . 



III. Fluorescence Transients in the Pres- 
ence of Diuron at Room Temperature 

The redox state of Q A , the primary quinone acceptor 
of PS II, is determined by its photochemical reduc- 
tion due to PS II activity and its re-oxidation by the 
electron transport driven by PS I activity. In order 
to reduce the complexity of the in vivo system and 
facilitate the investigation of PS II properties, the 
utilization of DCMU (Diuron), an inhibitor of the 
electron flow beyond Q A , has been widely employed. 
In the presence of DCMU at room temperature, 
the fluorescence kinetics reflect pure photochemi- 
cal events leading to the complete reduction of Q A 
(full closure of RCs). Flence, the maximal recorded 
fluorescence F p is equal to F M . Under normal condi- 
tions Q a is assumed to be completely oxidized in 
the dark, i.e., all RCs are open, and the fluorescence 
signal at the onset of illumination is F 0 . From the 
fluorescence values at the extremes, the value of 
the maximum yield of primary photochemistry is 
calculated: <p Po = 1 - (F 0 /F M ) = F V /F M . 

Using the fluorescence values F 0 and F M , the rela- 
tive variable fluorescence V= (F t - F 0 )/(F M - F 0 ) can 
be calculated for any F„ i.e. at any time during the 
course of the fluorescence transient. The fluorescence 
induction curve can thus be deconvoluted into the 
fluorescence kinetics of open and that of closed RCs, 
according to Eqs. 23a' and 23b' (Strasser, 1978, 1981). 
It should be emphasized that this deconvolution is 
permitted (a) independently of whether the PS II units 
are energetically separated or connected and, (b) not 
only in DCMU-treated samples, but under any physi- 
ological condition provided that the extremes F 0 and 
F m can be experimentally determined. 

Further analysis of the fluorescence kinetics in the 
presence of DCMU provides useful information, as 
analyzed in the following Sections III.A, III.B and 
III.C. 

A. Area above the Fluorescence Transient 
The rate of Q A reduction in the presence of DCMU 



is written, according to the theory presented above 
and taking into account that pj$ = 1 (model 2, Fig. 
2) as: 

d[Q A ]/dt = [QJ E°p p$ = [QJE? p 2b p£ p P 

= [Qa 1 E 2 P P 2b (33) 

Dividing both terms of Eq. 33 by the total concen- 
tration of the primary quinone acceptor, [Q A tal ] , and 
recalling Eqs. 29 and 29', we get: 

dB /dt = (1 - B ) E° p p 2b = E° p ot p 2b 

= J 2 <p P = J 2< p Po (l-V) (33') 

Hence, the fraction of closed centers B t at any 
time t is linked with the experimental fluorescence 
transient as follows: 

B t 

B t = f dB = J (dB/ dt) dt 

0 0 

t 

= J 2 <p P0 /(l-V t )dt (34) 

0 

The integral J(1 - V t ) is the area between the 
fluorescence transient plotted as V = f(t), the horizon- 
tal line at V = 1 and the vertical line at time t, called 
the complementary area and denoted here as s t . 

For t -> oo (practically until t Fw , the time when F M 
is achieved and, hence, V becomes equal to 1) the 
integral expresses the total complementary area, 
denoted here as s imx . Writing Eq. 34 for this case, 
for which B equals 1, we get: 

tf M 

1 = J 2 cp P0 J (1 - V t ) dt (34') 

o 

Hence, 

t 

/( 1-V t )dt 

B, = -p = — s S t (35) 

X FM g 

/(i-v.)dt 

0 

where, S, denotes the complementary area normal- 
ized on the total. 

The equality B, = S t , derived from the general 
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model, is valid independently of the energetic con- 
nectivity between the units, from separate to lake- 
type units. 

Obviously, S, can be also calculated (as originally 
shown by Malkin and Kok, 1966; Murata et al. , 1 966), 
from the complementary area until time t (denoted 
here as Area (t) ) and the total complementary area (de- 
noted here as Area) of the directly recorded transient 
F = f(t). The following equations demonstrate the 
equivalence of the two ways of calculation: 



Area (t ,= /(F m-F«)* 

0 

t 

= (F M -F 0 )/(1-V t )dt (36) 

o 

and 



Area = f( F M -F t )dt 
0 

= (F M -F 0 )/(1-V t )dt (36') 

0 

t 

/( 1-V t )dt 

Area... / Area = -p = S. (37) 

( } V 

f (i-v t )dt 

B. Shape of the Fluorescence Transient 

The observation that Chi a fluorescence induction 
curves have a sigmoidal shape, instead of the ex- 
ponential expected for separate units, led Joliot and 
Joliot (1964) to the theory of energetic connectivity. 
Strasser (1978, 1981) and several other authors since 
then (Trissl andLavergne, 1995; Stirbetetal., 1998a, 
1 998b; Strasser and Stirbet, 2001) have presented and 
analyzed mathematically sigmoidal transients. 

The derivation of the mathematical formulation of 
the fluorescence transient is as follows: 

Using Eq. 27, Eq. 33' is re-written as 



dB / dt = J 2 <p Po 



(l-BXC^ + l) 

l+c^a-B) 



(38) 



It gives, by integration, the t = f(B) equation (note 
that the B = f(t) cannot be written explicitly): 



t -ln(l-B)+C HYp B 
3 2 ‘Ppo^HYP "F ^ 



(39) 



Substitution of B from Eq. 27 gives the equation 
t = f(V) 



(40) 



One can easily show, with numerical substitutions 
in Eq. 40, that the V = f(t ) kinetics has a sigmoidal 
shape. 

For separate units, since C HYP = 0, hence V = B, Eqs. 
39 and 40 become identical, and are written as: 



-ln(l-B) _ -ln(l-V) 

3 2 T Po J 2 T Po 



(41) 



Equation 41 can be now explicitly written as V = 
B = f(t), which is an exponential function: 

V = B=l-exp(-J 2 cp R ,t) (41') 



C. Determination of the Overall Grouping 
Probability 

Comparing transients from DCMU-treated samples 
with different grouping extents, it is expected that the 
higher the value of the curvature constant C HYP , the 
more pronounced the sigmoidal shape of V = f(t) is. 
Flowever, this is qualitative information. Moreover, 
when C HYP is smaller than a threshold value, the 
transient does not show the typical inflection point 
visually characterizing a sigmoidicity, though it still 
deviates from the exponential shape. We emphasize 
that C HYP and, consequently, the sigmoidicity of V = 
f(t), depends both on the grouping probability p 2G 
and the ratio F v /F 0 (Eq. 28). For example, when the 
V = f(t) of dark- and light-adapted photosynthetic 
samples is used to compare them with respect to their 
energetic connectivity, we must recognize that, even 
if both have the same p 2G , the latter has a lower C HYP 
than the former because the F v /F 0 ratio is lower. Fur- 
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thermore, the overall grouping probability depends 
not only on the rate constants for grouping but on 
the whole set of rate constants. Hence, the conclu- 
sion often found in the literature that an increase of 
C HYP indicates that the photosynthetic units come 
physically closer to one another (increase of k 22 or 
k 33 ) is an over-estimation of the information that the 
experimental signals can provide. 

In order to derive the full quantitative information, 
simulation of the transient must be made, as discussed 
later in the chapter. However, more than 20 years ago, 
one of us (Strasser, 1981) showed a simple way to 
detect grouping and calculate the overall grouping 
probability in DCMU-treated samples, as explained 
below. 

According to Eq. 35, at any time in the course of 
the fluorescence transient of DCMU-treated samples, 
the fraction B t of closed RCs is equal to the normal- 
ized complementary area S t . Thus, both the relative 
variable fluorescence V, = (F t - F 0 )/(F M - F 0 ) and the 
fraction of closed centers B t (= S t ) are experimentally 
accessible and can be plotted in a V t vs. B t graph. If 
the units are energetically connected, Eq. 27 predicts 
thatV, =f(B t ) is a hyperbola withavertical asymptote, 
which degenerates to a straight line V t = B„ from (0,0) 
to (1,1), only in the case of separate units. Hence, the 
existence of grouping can be detected and, further- 
more, it can be deduced which curve has bigger C HYP 
constant by comparing the extent of the deviation of 
V t = f(B t ) from the straight line. However, so far this 
is a qualitative observation. The quantification of the 
information is provided by plotting B/V t vs . B„ which 
gives a straight line as predicted by the following 
equation (a rearrangement of Eq. 27): 

B t /V t = (1 + C HYP ) - C HYP B t (42) 

So, the value of C HYP can be calculated either from 
the slope or the intercept of the B/V, vs . B, plot (which 
should give the same result). Concomitantly, the over- 
all grouping probability p 2G is calculated according 
to Equation 28, since F v /F 0 is already experimentally 
available (for details, see Strasser etal., 1997; Strasser 
and Tsimilli-Michael, 2001a). 

In practice, V t vs. B t is never a pure hyperbolic 
function, since a heterogeneous mixture of different 
types of units, i.e. big grouped together with big and 
small separate units, is always present. An appropri- 
ate deconvolution of the experimentally measured 
induction curve (Strasser, 1978) into V t vs. B t for 
each type separately enables not only to distinguish 



but as well to estimate the fractions of the different 
types in the mixture. It is, therefore, possible to follow, 
through the fluorescence signals described above, the 
changes with respect to the energetic connectivity and 
the heterogeneity that the photosynthetic apparatus, 
depending on its developmental stage, may undergo 
upon environmental changes in order to adapt to new 
conditions. For example, experimentally investigated 
fluorescence kinetics in the presence of DCMU were 
found to change from the exponential shape dem- 
onstrating the behavior of separate units, which was 
observed under low salt conditions, to a sigmoidal 
shape observed under high salt conditions that favor 
the grouping of PS II units (Strasser, 1978). 



IV. Fluorescence Transients at Low Tem- 
perature (77K) 

A. About the Origin of the 685, 695 and 
735 nm Fluorescence Bands 

The fluorescence emission spectra at 77K show three 
main emission bands, originating from distinct pig- 
ment complexes (Govindjee et al., 1986; Govindjee, 
1 995). It is accepted that the long wavelength band, ex- 
hibited at 725 nm by young plants and leaves greened 
in flashing light, at 735 nm by mature chloroplasts 
of higher plants and at about 715 nm by many green 
algae, originates in PS I (core and peripheral antenna; 
see Chapter 5, van Grondelle and Gobets; Chapter 
9, Itoh and Sugiura), except for a small fraction 
which is due to the long wavelength tail of the 685 
nm and 695 nm emission bands. The 695 mn band is 
accepted to originate from the core antenna of PS II, 
specifically from the CP-47 Chi a protein complex. 
The band at 685 nm was originally proposed to be 
emitted by the LHC II, based on findings that this 
band (a) was missing in leaves greened in flashing 
light, hence deprived of LHC II, (b) appeared when 
transfer of these leaves to continuous light induced 
LHC II formation (Strasser and Butler, 1977c). 
Contrary to these findings, Rijgersberg et al. (1979) 
reported that Chi 6-less mutants exhibit the F685 
band and, therefore, attributed it to the core antenna. 
This proposal was verified by many other studies that 
followed, which further specified the origin of F685 
to be the CP-43 Chi a protein complex (Govindjee et 
al., 1986; Govindjee, 1995; Chapter 5, van Grondelle 
and Gobets ). 
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B. Fluorescence Transient at 695 nm 

The approach described in Section III utilizes the fact 
that, in the presence of DCMU at room temperature, 
the experimental fluorescence induction curve reveals 
the kinetics of pure photochemical closure of the RCs 
leveling off at F M . It would therefore be expected that 
the same analysis could be applied when the elec- 
tron transport flux is inhibited by low temperature 
(77 K). However, the fluorescence transient at 695 
nm never shows a sigmoidal shape (Butler, 1978) 
and the plot of the relative variable fluorescence V L 
vs. the normalized complementary area S £ (subscript 
‘L’ indicating low temperature) is a hyperbola with a 
horizontal asymptote and a curvature that decreases 
when grouping increases (Strasser, 1978; Strasser and 
Greppin, 1981). A theoretical model was proposed 
to explain this discrepancy, predicting that at low 
temperature the fraction of closed RCs is not equal to 
the normalized complementary area but their relation 
B l = f(S L ) is a horizontal hyperbola; the prediction 
was based on arguments that, at 77 K, one RC reduces 
in multiple turn over events not only one, but a pool 
of electron acceptors (Strasser, 1978; Strasser and 
Greppin, 1981). The analytical formulation of the 
model permits the calculation of the equilibrium con- 
stant of the donor-acceptor reaction, as well as of the 
overall grouping probability in good agreement with 
the values calculated from DCMU-treated samples 
at ambient temperature (Strasser and Greppin, 1981; 
also see Strasser et al., 1997). 

C. Correlation of Fluorescence Transients at 
685 nm, 695 nm and 735 nm 

The fluorescence transients at 685 nm, 695 nm and 
735 mn were found to have the same shape, though 
with different values of the F(/F M ratio (Strasser and 
Butler, 1977c). 

For mature green leaves it was shown that at low 
temperature the excitation spectra of the initial 
fluorescence at 695 nm, the variable fluorescence at 
695 and the variable fluorescence at 735 nm are all 
identical, while the excitation spectrum of the initial 
fluorescence at 735 nm is different (Strasser and But- 
ler, 1 977a, 1 977b ). This means that the redox state of 
PS I reaction centers does not affect the fluorescence 
emission and that the origin of the PS I variable 
fluorescence are the redox state changes of the PS II 
reaction centers, which define the exciton density of 
the PS II antenna pigment pools and, concomitantly, 



the migration flux to PS I. However, there are cases 
where part of the PS I variable fluorescence is due 
to photo-oxidation of P700, for example in red algae 
(Ley and Butler, 1977), Chlamydomonas (R.J. Stras- 
ser, unpublished) and cyanobacteria (Karapetyan et 
al., 1999). For further information, see Chapter 9, 
Itoh and Sugiura. 

Evidence for the origin of the PS I variable 
fluorescence was provided (Strasser and Butler, 
1 976, 1 977b) by correlating simultaneously recorded 
fluorescence induction kinetics F, = f(t) and F 2 = f(t), 
at 735 and 695 mn respectively (F[ emitted by PS I 
- antenna pigment pool ‘ 1 ’ and F 2 by PS II - antenna 
pigment pool ‘2’). If the redox state of PS I reaction 
center does not affect the fluorescence emission from 
PS I, then, assuming a bipartite model and applying 
the energy flux theory, the intensities F, and F 2 would 
be related by the following equation: 

~ JiPif F2 0^21 /^2f) Pip (43) 

Hence, the plot of F, versus F 2 can well be used 
as a criterion for the origin of the PS I variable 
fluorescence: If it is a straight line, as Eq. 43 predicts 
and as indeed found experimentally in most studied 
cases (Strasser and Butler, 1976, 1977b), it means 
that the PS I variable fluorescence originates solely 
from PS II; any deviation from the straight line in- 
dicates that the redox state of P700 is also involved 
(Ley and Butler, 1977). 

The plot F, = f(F 2 ) is also useful for comparison of 
photosynthetic samples under different conditions. 
For example, under conditions of LHC II phos- 
phorylation, the intercept of F, vs. F 2 was found to 
increase while the slope remained unchanged (Butler 
and Strasser, 1977b; Tsala and Strasser, 1984). In 
terms of Eq. 43, the intercept increase is in accor- 
dance with the ‘movement’ of the phosphorylated 
complex towards PS I and the concomitant increase 
of cross section of PS I antenna, hence the increase 
of J,, while the insensitivity of the slope indicates 
that the migration (spill-over) rate constant k 21 is not 
affected. On the other hand, high salt (Mg ++ ) condi- 
tions, compared to low salt, resulted in a decrease 
of the slope of the F, vs. F 2 plot, indicating that k 21 
decreases, in accordance with the parallel increase 
of F v /F m (Tsala and Strasser, 1984); the indications 
for energy migration (spill-over) from PS II to PS I 
were confirmed by simultaneous measurements of 
P700 photo-oxidation (Satoh et al., 1976; Strasser 
and Butler, 1976, 1977b). 
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A further analysis, utilizing the fluorescence tran- 
sients simultaneously recorded at 685, 695 and 735 
nm, was also proposed in the framework of attributing 
these bands to the three complexes of the tripartite 
model (Strasser and Butler, 1977c). Though F685 
is not any more accepted to come from the LHC II 
(see Section IVA.), the logic of the analysis is still 
valid, though in Eqs. 44-46 ‘antenna pigment pool 
3’ will read as referring to CP43 (not to LHC II) and 
‘antenna pigment pool 2’ as referring to the CP47 
component of core antenna. 

Solving the basic Eqs. 8-13 and using the notations 
F„ F 2 and F 3 for fluorescence emitted at 735, 695 and 
685 nm respectively, gives the following relations F 3 
= f(F 2 ),F 1 = f(F 2 )andF 1 = f(F 3 ): 

^3 ~~ J3P3F ^2 T P 3F (44) 

K 2F 



Fi = 



J1 + J3 



+F, 
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^ P 33 j 
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(45) 
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1-P3 



(46) 



According to Eqs. 44-46, the plot of any two of the 
three fluorescence fluxes is expected to be a straight 
line, as was indeed verified experimentally (Strasser 
and Butler, 1977c; Strasser, 1986). The intercepts and 
slopes of the experimental plots F 3 = f(F 2 ), F, = f(F 2 ) 
and F, = f(F 3 ) can provide information about the light 
energy fluxes absorbed by the three antenna pigment 
pools, as well as about the probabilities and/or rate 
constants of the energy transfer fluxes among them 
(Strasser etal., 1997; Strasser and Tsimilli-Michael, 
2001a). 



V. Poly phasic Fluorescence Transients in 
Vivo 

Fluorescence measurements at room temperature in 



the presence of DCMU or at low temperature provide 
information about the energy distribution in the photo- 
synthetic sample. However, this information describes 
a static condition, the condition of the sample just 
before it was exposed to the treatment. In order to 
access the dynamics of a sample, the fluorescence 
studies must be conducted in vivo; changes that 
the living sample undergoes under illumination are 
reflected in the kinetics of the fluorescence it emits, 
which thus carry the whole information about its 
energetic behavior. 

The well-known fluorescence induction curve in 
vivo, first observed by Kautsky and Hirsch (1931), 
shows an initial O-P rise, lasting for less than 1 s 
up to several seconds depending on the actinic light 
intensity, and a subsequent decrease, labeled as P-S, 
occurring in the time range of seconds to minutes 
with several intermediate steps (Fig. 1). The O-P 
part of the transient is generally accepted to reflect 
the closure of RCs (accepted as equivalent to the 
reduction of Q A ); no conformational change, i.e., 
no change of the de-excitation rate constants of the 
antenna pigment pools or the RC are assumed to oc- 
cur in this short time. The P-S part of the transient 
reflects both conformational changes and changes 
of the fraction of closed RCs. The conformational 
changes are caused by various factors, like changes 
in internal proton concentration, high-energy state, 
interconversion of specific xanthophylls pigments, 
migration (spill-over), phosphorylation of LHC II 
(Krause and Weiss, 1991; Horton et al., 1996; Mul- 
ler et ah, 2001), induced by prolongation of the il- 
lumination and affecting one or several de-excitation 
rate constants. 

It has been recognized, already 37 years ago (De- 
losme 1967), that the O-P fluorescence rise is not 
monophasic. Several reports since then presented 
one or two intermediates between O and P (Munday 
andGovindjee, 1969; Neubauer and Schreiber, 1987; 
for reviews, see Papageorgiou, 1975, 1996; Krause 
and Weis, 1991). However, the detailed shape of the 
polyphasic fluorescence transient over a wide time 
range was revealed only when the fluorescence sig- 
nals, recorded with ahigh time -resolution instrument, 
were plotted on a logarithmic time scale; the instru- 
ment used was the PEA-fluorimeter (Plant Efficiency 
Analyser, built by Hansatech Instruments Ltd. King’s 
Lynn Norfolk, PE 30 4NE, UK), which provides a very 
low noise data acquisition every 10 ps for the first 2 
ms and every 1 ms thereafter ( Strasser and Govindj ee, 
1992a,b; Strasser etal., 1995). Under continuous red 




340 



Reto J. Strasser, Merope Tsimilli-Michael and Alaka Srivastava 



actinic light (peak at 650 nm) of high intensity (above 
300 Wrrr 2 , equivalent to 1600 jmmol photons m 2 s _1 ), 
the fluorescence rise exhibits usually the steps J (at 2 
ms) and I (at 30 ms) between the initial O (F 0 ) and the 
maximum P (F p ), hence labeled as O-J-I-P (Fig. 4). 
Additional steps were also observed in certain cases 
and labeled following an alphabetic order (from the 
furthest to the earliest), like the K-step (see below), 
or the FI- and G-steps in corals and foraminifers 
(Tsimilli-Michael etal., 1998, 1999), while any step, 
depending on the conditions, can be the highest, i.e. 
the P-step. Potentially every step can be followed by 
a temporary fluorescence decrease — dip, e.g. D K , 
D,, D, etc., and the full transient is hence denoted as 
0 -K-D k -J-D i -I-D 1 -H-D h -G-D g -. . . S. 

In this chapter we do not include aspects or 
theoretical approaches of the state changes (Strasser 
1985, 1988; Tsimilli-Michael et al., 1996; Tsimilli- 
Michael and Strasser, 2001, 2002) that either occur 



during the P-S decline or are induced by stress (for 
a discussion of state changes, see Chapter 17, Al- 
len and Mullineaux), but we focus on experimental 
methods that enable their study. Such a method, used 
for the investigation of the P-S decline (Lombard and 
Strasser, 1984) is presented below in Section VA. 
Moreover, all methods presented in the later sections, 
can be used to provide adequate information about 
the structure, conformation and function of the pho- 
tosynthetic apparatus at any moment during the P-S 
decline (see Section VB. 8) and, more generally, at any 
state induced by any stress (Strasser et al., 2000). 

A. Simultaneous Fluorescence Transients 
(Kautsky Effect) at Two Wavelengths 

In contrast to the low temperature case (see Section 
IV), no distinct PS I and PS II bands appear in the 
fluorescence emission spectra at room temperature. 




Fig. 4. A typical Chi a polyphasic fluorescence rise O-J-I-P, exhibited by higher plants (for experimental details sec legend of Fig. 1). 
The transient is plotted on a logarithmic time scale from 50 ps to 1 s. The marks refer to the selected fluorescence data used by the JIP- 
test for the calculation of structural and functional parameters. The signals are: the fluorescence intensity F ( , (at 50 ps); the fluorescence 
intensities Fj (at 2 ms) and F, (at 30 ms); the maximal fluorescence intensity, F P = F M (at time denoted as t F ). The insert shows the transient 
expressed as the relative variable fluorescence V = (F — F 0 )/(F M - F 0 ) vs. time, from 50 ps to 1 ms on a linear time scale, demonstrating 
how the initial slope, also used by the JlP-test, is calculated: M 0 = (AV/At) 0 = (V 300|l4 )/(0.25 ms). (From Tsimilli-Michael et al., 2000). 
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Today, global spectral and kinetic methods are used to 
separate the PS I and PS II emission bands in leaves 
(see Gilmore et al., 2000; Chapter 2 1 , Gilmore). Lom- 
bard and Strasser (1984) established the following 
method to obtain information about the excitation rate 
of the two photosystems at room temperature. 

The investigation of the fluorescence emission 
spectra in whole leaves at different times during the 
P-S transition showed that, in addition to the decrease 
of the peak intensity (at 685 nm), a change of shape 
also occurs. Normalizing spectra to peak values, 
revealed a small but clear increase in their longer 
wavelength region, which was maximal at about 715 
nm. It was assumed (also see Lavorel, 1963) that the 
experimentally measured fluorescence 685 nm, F“ p , 
is emitted solely by PS II, while the experimentally 
measured fluorescence at 715 nm, F“ p , originates 
from both photosystems: 

F 6 ^=F 2 ( 685 , (47a) 

= F l(715) + F 2 (715, = F l(715) + « F £ (47b) 

where a is an intrinsic proportionality factor. 

According to the energy flux theory (also see ap- 
plication in Section IVC): 

F i(7i5) 4jPip FJ (k 21 /k2 F )p 1F (48) 

Hence, Eq. 47b gives: 

f ; x 5 p = JiPiF + f ; 8 T [a + (Vk 2F ) PlF ] (49) 

Equation 49 describes a straight line (as Eq. 43 
for low temperature). Measurements of the fast 
fluorescence rise at the two wavelengths at different 
stages of a P-S transition (that includes state 1 to state 
2 transition) showed that for each stage between P and 
Sthe E£ vs. F 6 ^ plot was a straight line, and that 
both the slope and the intercept of the lines increased 
with the advancement of the P-S transition. This sug- 
gests that a change in excitation energy distribution 
in favor of PS I (J, increase; indicating a progressive 
LHC II phosphorylation), and an increase of spill-over 
(k 21 ) occur simultaneously (as in Section IVC). When 
the experiments were conducted with chloroplasts 
under phosphorylating conditions, no increase of 
the intercept was observed with the advancement of 
the P-S transition. This supports the validity of the 
method, since the energy redistribution in favor of 
PS I, being already manipulated chemically, could 



not undergo further light-induced changes. 

The same theoretical approach was used for the 
comparison of simultaneously recorded fluorescence 
transients induced by change of the actinic light from 
far-red, which mostly excites PS I and hence estab- 
lishes state 1, to blue, which excites PS II more than 
PS I leading to state 2. In this case, the criterion was 
the F“ p / F “ p ratio, which, according to Eq. 49 and 
considering that J, is negligible, is given as: 



pejtp 

-^ = a + (k 21 /k 2F )p 1F (49') 

o85 

It was found that the F“ p / F“ p ratio increased 
during the state 1 to state 2 transition, indicating an 
increasing k 21 (migration or spill-over rate constant ), 
while a decrease was observed during the F 0 to F p rise . 
The extent of these changes depends on the ability of 
the sample to adapt to variations of light conditions, 
which is modified when the sample is exposed to 
stress. Hence a ‘stress-adaptation-index’ was defined, 
which uses the fluorescence signals F p and F s or F 0 
and F p (denoted as A Ps or A Po respectively), at both 
wavelengths (Strasser et al., 1987, 1988): 



= 1 - 



F / F 

f P(715) 1 f P(685) 

F / F 

5(715) ' s(685) 



(50a) 



A 



Po 



= 1 - 



F / F 

f P(715) ! f P(685) 

F / F 

*0(715) ' '*'0(685) 



(50b) 



These indexes are very sensitive to stress conditions 
and were proven to be very useful for early diagnosis 
of stress (Strasser et al., 1987, 1988). 



B. An Analysis of the Fluorescence Rise 
Kinetics O-J-i-P as a Tool for Fast in Vivo 
Screenings: The ‘JIP-Test’ 



The polyphasic Chi a fluorescence rise is widely 
accepted to reflect the accumulation of reduced Q A 
(i.e. the RCs’ closure), which is the net result of Q A 
reduction by PS II and Q A reoxidation by PS I. It is 
assumed that under normal conditions Q A is com- 
pletely oxidized in the dark, i.e. all RCs are open, 
and the fluorescence signal at the onset of illumina- 
tion is F 0 . The maximum fluorescence intensity F p 
depends on the achieved oxidation-reduction balance 
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and acquires its maximum possible value, F M , if the 
illumination is strong enough to ensure the closure 
of all RCs. A lot of information has been obtained 
during the last seventy years from the fluorescence 
transient (see chapters in Govindjee et al., 1986; 
Krause and Weis, 1991; Govindjee, 1995). Transients 
recorded with high time -resolution fluorimeters, e.g. 
with the PEA-instrument (or its recent version, the 
Handy-PEA), have provided additional and/or more 
accurate information (Strasser and Govindjee, 1 992a, 
1992b; Strasser etal., 1995), namely a precise detec- 
tion of the initial fluorescence F 0 even in the presence 
of DCMU, of the initial slope — which offers a link 
to the maximum rate of primary photochemistry per 
RC — and of the amplitude and appearance time of 
the intermediate steps. Moreover, the fully digitized 
fluorescence kinetics allows further detailed analysis, 
e.g. different normalizations, calculation of kinetics 
differences as well as of time-derivatives. 

All oxygenic photosynthetic materials investigated 
so far using this method show the polyphasic rise with 
the basic steps O-J-I-P (Fig. 4; also see Chapter 11, 
Schreiber), with minor differences among different 
phenotypes. The shape of the O-J-I-P transient has 
been found to be very sensitive to stress caused by 
changes in different environmental conditions, e.g. 
light intensity, temperature, drought, atmospheric C0 2 
or ozone elevation and chemical influences (Srivas- 
tava and Strasser, 1995, 1996, 1997;Tsimilli-Michael 
et al., 1995, 1996, 1999, 2000; Van Rensburg et al., 
1996; Kruger et al., 1997; Ouzounidou et al., 1997; 
Clark et al., 1998, 2000; Force et al., 2003), as well 
as by senescence (Prakash et al., 2003). 

A quantitative analysis of the O-J-I-P transient 
has been introduced (Strasser and Strasser, 1995) 
and further developed (for reviews, see Strasser et 
al., 1999, 2000), called as the ‘JIP-test’ after the ba- 
sic steps of the transient, by which several selected 
phenomenological and biophysical — structural 
and functional — parameters quantifying the PS II 
behavior are calculated. Table 2 tabulates the terms 
and formulae used in the JIP-test. The JIP-test, which 
we present analytically in this section, has proven a 
very useful tool for the in vivo investigation of the 
adaptive behavior of the photosynthetic apparatus and, 
especially, of PS II to a wide variety and combination 
of stressors, as it translates the shape changes of the O- 
J-I-P transient to quantitative changes of the selected 
parameters (Strasser andTsimilli-Michael, 2001a, b; 
Tsimilli-Michael and Strasser, 2001). Hence, the 
JIP-test can provide an access to the ‘vitality’ of a 



photosynthetic sample, a term we have introduced to 
designate an integration of activity and adaptability 
(Tsimilli-Michael etal., 1998). 

The JIP-test aims to serve as a tool for in vivo 
vitality screenings, used e.g. to analyze environ- 
mental effects on photosynthetic organisms, or in 
biotechnology to test new genotypes, or even for 
post-harvest controls of fruit and vegetable quality. 
To be useful and practical, the test has to be easy and 
allow testing of any type of Chi containing samples 
in any form and in a short time (over 200 samples 
can be tested in a working hour per instrument). 
Therefore, reasonable compromises had to be made 
and several expressions have been redefined and 
relabeled to distinguish them from the rigorously 
defined biophysical expressions. 

The JIP-test applies to transients induced by actinic 
light strong enough to induce maximal values of the 
fluorescence yields at the J- and I-step, as well as 
at the peak P (F p = F M ). The actinic light (peak at 
650 mu), supplied by an array of six or three light 
emitting diodes (PEA-fluorimeter and Handy-PEA- 
fluorimeter, respectively), is focused on the sample 
surface to provide a homogeneous irradiation of the 
exposed area (4 mm diameter). In our experiments, a 
maximal intensity of 600 W nr 2 (3200 pmol photons 
nr 2 s _1 ) is routinely used. The JIP-test exploits, besides 
F m , the following values extracted from the data stored 
during the first second (see Fig. 4): the fluorescence 
intensity at 50 ps (with the PEA-fluorimeter) or 20 
ps (with the Handy-PEA-fluorimeter), considered 
to be F 0 ; the fluorescence intensity at 100 ps and at 
300 ps; the fluorescence intensity at 2 ms (denoted 
as Fj) and at 30 ms (denoted as F,); the time t F[vI to 
reach F M ; the total complementary area, denoted as 
‘Area’, between the fluorescence transient and the 
line F = F M . 

1. Fluxes and Yields 

The energy cascade from PS II light absorption to 
electron transport is shown in the simplified scheme 
of Fig. 5 (based on a scheme by B. J. Strasser and 
R. J. Strasser, 1995). ABS refers to the photon flux 
absorbed by the antenna pigments (called ‘absorption 
flux’) creating excited chlorophyll, Chi*. Part of the 
excitation energy is dissipated, mainly as heat and 
less as fluorescence emission F, and another part is 
channeled to the reaction center (called ‘trapping flux ’ 
TR) to be converted to redox energy by reducing the 
electron acceptor Q A to Q ' which is then re-oxidized 
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Table 2 . Formulae and glossary of terms used by the JlP-test for the analysis of the fluorescence transient O-J-I-P 



Data extracted from the recorded fluorescence transient O-J-I-P 


F, 


fluorescence at time t after onset of actinic illumination 


F or F 

1 50^jls U1 1 20^jls 


minimal reliable recorded fluorescence, at 50 ps with the PEA- or 20 ps with the 
Handy-PEA-fluorimeter 


F 

1 lOO^JLS 


fluorescence at 100 ps 


F 

1 300^s 


fluorescence at 300 ps 


Fj = F 2rm 


fluorescence at the J-step (2 ms) of O-J-I-P 


^1 - ^30ms 


fluorescence at the I-step (30 ms) of O-J-I-P 


F p (=F m ) 


maximal recorded (= maximal possible) fluorescence, at the peak P of O-J-I-P 


tF M 


time (in ms) to reach maximal fluorescence F M 


Area 


total complementary area between fluorescence induction curve and F = F M 


Fluorescence parameters derived from the extracted data 


Fo - Fso^s or - F2o^s 


minimal fluorescence, when all PS II RCs are open (at t = 0) 


F M = F P 


maximal fluorescence, when all PS II RCs are closed 


F„ = F t - F 0 


variable fluorescence at time t 


’"Ti 

c 

III 

2 

1 

Tl 

o 


maximal variable fluorescence 


V t ■ (F, - F 0 )/(F m - F 0 ) 


relative variable fluorescence at time t 


V,= (F,-F 0 )/(F M -F 0 ) 


relative variable fluorescence at the J-step 


W t = (F t - F 0 )/(Fj - F 0 ) 


ratio of variable fluorescence ¥ v to the amplitude Fj - F 0 


w E , 100tls =i-(i-w 300 ^ 


W at 100 ps of a simulated exponential fluorescence transient corresponding to the 
sample in the absence of grouping (i.e., no connectivity between PS II units) 


s 

0 

III 

> 

< 

> 

© 

III 

8 

1 

1 

o 

2 

1 

© 


approximated initial slope (in ms -1 ) of the fluorescence transient V = f(t) 


S m - (Area)/(F M - F 0 ) 


normalized total complementary area above the O-J-I-P transient (reflecting multiple- 
turnover Q a reduction events) 


S s =V/M 0 


normalized total complementary area corresponding only to the O-J phase (reflecting 
single-turnover Q A reduction events) 


N = S m /S s = S m M 0 (l/V,) 


turnover number: number of Q A reduction events between time 0 and t F 


V av =l-(S n /t FM ) 


average relative variable fluorescence from time 0 to t F 


Specific energy fluxes (per Q A -reducing PSII reaction center — RC) 


ABS/RC = M 0 (1/Vj) (l/<p Po ) 


absorption flux per RC 


TR 0 /RC = M 0 (1/Vj) 


trapped energy flux per RC (at t=0) 


ET 0 /RC = M 0 (1/Vj) ,|i 0 


electron transport flux per RC (at t=0) 


DI 0 /RC = (ABS/RC) - (TRo/RC) 


dissipated energy flux per RC (at t=0) 


Yields or flux ratios 

Vpo = TR 0 /ABS = [1 - (F(/F m )] 


maximum quantum yield of primary photochemistry (at t = 0) 


■fo - ET 0 ATR <) = (1 - Vj) 


probability (at t = 0) that a trapped exciton moves an electron into the electron transport 
chain beyond Q A 


<Peo = ETo/ABS = [1 - (F 0 /F m )] ii) 0 


quantum yield of electron transport (at t = 0) 


^Pdo s 1 _ tPpo — (F(/F m ) 


quantum yield (at t = 0) of energy dissipation 


^Ppav _ <Ppo ( 1 ~ Xv) — 9 po (^n/h M ) 


average (from time 0 to t F ) quantum yield of primary photochemistry 

M 



Continued on next page 
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Table 2, continued 



Phenomenological energy fluxes (per excited cross section - CS) 


ABS/CS X 


absorption flux per CS< X , (subscript ‘x’can be ‘Chi’, ‘0’ or ‘M\; see below) 


ABS/CS chl 


absorption flux per CS, determined by reflectance measurements (a measure of Chi / 
CS) 


ABS/CS 0 ~F 0 


absorption flux per CS, approximated by F 0 


abs/cs m =f m 


absorption flux per CS, approximated by F M 


Ttycs x = <p Po (ABS/CSJ 


trapped energy flux per CS (at t=0) 


ETo/CS x = ^ (ABS/CSJ 


electron transport flux per CS (at t = 0) 


DI(/CS X = (ABS/CS X ) - (TiyCSJ 


dissipated energy flux per CS (at t = 0) 


Density of reaction centers 
RC/CS X = qy,, (V/M 0 ) (ABS/CS X ) 


density of RCs (Q A -reducing PSII reaction centers) 


Performance indexes (PI) at t = 0 




pr _ ^ 

"" ABS l-cp Po l-r|>„ 


performance index on absorption basis 


p. _ RC ‘Ppo >(<„ 

cs cs x l-<p Po I-*, 


performance index on cross section basis 


Driving forces (logarithms of performance indexes att-0) 


DF ABS = log ( PI ABs) 




- log +l° g P ° +log 0 

ABS 1 -4»o 


driving force on absorption basis 


DF cs -log(PI cs ) 




= 1 °g^ + 1 og(PI ABS ) 


driving force on cross section basis 


Overall grouping or connectivity probability 


C^E, 100p.s ^100p,s)^0 

P2G " W 100 ^(l W e , 100 ^ s V j )V j F v 


grouping probability taking in account all possible ways of energetic communication 
of neighboring PSII core antennae 



to Q a reducing the electron transport chain beyond 
Q“ (called ‘electron transport flux’ ET) and leading 
ultimately to C0 2 fixation. The fluxes ABS, TR and 
ET can be expressed per fully active, i.e. (^-reduc- 
ing, PS II reaction center (RC), called then ‘specific’ 
energy fluxes , and per excited cross section ( CS) of the 
photosynthetic sample, called then ‘phenomenologi- 
cal’ energy fluxes. (Note: Since the part of a sample 
that gives rise to the measured fluorescence signal, 
consists of cell layers of different depths from the 
irradiated surface, hence not homogeneously irradi- 
ated, we use for it the term ‘excited cross section’, 
instead of ‘optical cross section’ that is suitable for 
homogeneous samples.) 



Formulae relating the specific and phenomenologi- 
cal energy fluxes, as well as the flux ratios or yields, 
with the experimental values provided from the JIP- 
test, have been derived on the basis of the energy flux 
theory (Strasser et al., 2000), as explained below. 

The key expression of the JlP-test is TR^RC, the 
specific trapping flux at time zero. At any time the 
specific trapping flux TR/RC expresses the rate, per 
RC, by which excitons are trapped by RCs result- 
ing in the reduction of Q A to Q~ i.e., to the increase 
of the fraction B of closed RCs; hence TR t /RC (in 
arbitrary units) is equal to dB t /dt. (Note that, in 
accordance with the definition of TR t /RC, in all 
JlP-test formulae, the abbreviation RC means only 
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Fig. 5. A highly simplified scheme for the energy cascade from light absorption to electron transport (based on a scheme by B. J. Strasscr 
and R. J. Strasser, 1995). For details and abbreviations, see text and Table 2. 



the Q A -reducing reaction centers.) In order to derive 
an experimental access to the calculation of TR 0 /RC, 
we start with the case of DCMU-treated samples, in 
which the reoxidation of Q A is blocked. TR/RC is then 
related to the slope (dV/dt) t DCMU of the fluorescence 
induction curve expressed as V = f(t) of the relative 
variable fluorescence, V t = (F t - F 0 )/(F M - F 0 ), by the 
following equation, which is derived by differentia- 
tion of Eq. 27: 



tion, based on the observation (Stirbet et al., 1998b; 
Strasser and Stirbet 2001) that, under the actinic 
light used for the JlP-test, all sigmoidal fluorescence 
induction curves, independently of their C HYP value, 
cross the exponential curve (C HYP = 0) at 300 ps (see 
below, Section V.B.6). Hence, an approximation of 
(dV/dt) 0DCMU as (AV/At) 0DCMU between 50 and 300 
ps is taken as the initial slope, denoted as M 0 DCMU . 
Thus, for DCMU-treated samples we have: 



TR 

t_ 

RC 



dB 



dt 



l.DCMU 



(1 + C hyp) 



(i + c HVP v t ) 2 



dV 



dt 



l.DCMU 



(51a) 



TR 

-= M 

~ 0.DCMU 



AV 

At 

V, 



V /0.DCMU 

^ v A 

300ns 

l 0.25ms 

V /DCN 



(51c) 



The maximal value of the specific trapping flux 
TR t /RC is TR 0 /RC, since at time zero all RCs are 
open (B = 0, V = 0). Substituting V = 0 in Eq. 51a 
we get: 




(51b) 

Equation 5 1 b shows that in order to calculate TR () / 
RC from the initial slope (dV/dt) 0DCMU we need to 
know the hyperbola constant C HYP , unless we assume 
no connectivity (C HYP = 0), in which case TR/RC = 
(dV/dt) 0 DCMU . Though we can calculate the hyperbola 
constant C HYP (as shown for DCMU-treated samples 
in Section III.C, and in vivo as will be shown in Sec- 
tion VB. 6), for a routine test we by-pass this calcula- 



However, Eq. 5 lc is not valid for in vivo samples 
since Q~ reoxidation is not blocked there and the 
observed initial slope, (AV/At) 0 , denoted now as M 0 , 
expresses the net rate of the RCs’ closure, where trap- 
ping flux increases the number of RCs and electron 
transport flux decreases it. Hence, denoting as ET/RC 
the specific flux at time zero of electron transport 
beyond Q“, we write: 

M 0 = TR 0 / RC - ET 0 / RC (52) 

B. J. Strasser and R. J. Strasser (1993) showed that 
when the O-J phase is normalized between 0 and 
1, it coincides with the V = f(t) in DCMU-treated 
samples, indicating that it reflects Q A reduction by 
single turnover events. The normalized values are 
denoted as W t : 
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W t = F, jt /(Fj - F 0 ) = (F t - F 0 )/(Fj - F 0 ) = V/V, From Eqs. 5 Id and 56 we get the expression for 

(53) ABS/RC, the specific absorption flux: 



Note that W t is also an expression of relative vari- 
able fluorescence, however with F, j t normalized on 
the amplitude Fj - F 0 of the O-J phase, while V t is 
normalized on F M - F 0 , the maximal amplitude of 
variable fluorescence. (Similarly, any amplitude can 
be used as a norm for calculation of arelative variable 
fluorescence; see for example Section VI). 

Hence, M 0 DCMU can be simulated by tire initial slope 
of W=f(t) or, equivalently, by the amplification of the 
in vivo measured M 0 by a factor reciprocal to Vj. 

Therefore, the maximal specific trapping flux is 
written as: 

TRJRC = M odcmu = ( AW/At) 0 = M 0 /V ; (5 Id) 

In an analogous way, if the fluorescence kinetics 
in the presence of DCMU levels off later than 2 ms, 
(i.e., V JDCMU < 1), Eq. 51c and, concomitantly, Eq. 
5 Id must be re-written in their general forms, valid 
also foi V I DCMU — 1 as . 

TRq/RC — M odcmu / V JjDCMU — ( AW/At) 0DCMU (5 1 c ) 



ABS/RC = (TRq/RC) / (TR,/AB S) 

= (TRq/RC)/cPp 0 = (M 0 A/,)/[l - (Fq/F m )] 

(58) 

We remind the readers that in the definition of all 
specific fluxes as fluxes per RC, only the fully active, 
i.e. Q A -reducing, reaction centers are taken into ac- 
count. On the other hand ABS expresses the total 
absorption flux (by all units); hence, ABS/RC is a 
measure of the average absorption per (active) RC 
and concomitantly, of the average amount of absorb- 
ing chlorophylls per (active) RC, i.e. of the apparent 
antenna size. Though the value of ABS/RC calculated 
for a certain sample (in ms _1 , as shown by Equation 
58) is obviously not equal, but only proportional, 
to the amount of the absorbing Chi a molecules per 
active RC (note that we speak of a ‘measure’ of the 
amount), the comparison of samples with respect to 
ABS/RC is still permitted. 

The link between phenomenological and specific 
fluxes is the RCs’ concentration (or density) per 
excited cross section of samples, RC/CS, which is 
calculated as: 



TRq/RC M 0iDCMU /V J)DCMU (AW/At) 0DCMU 

= (AW/At) 0 = Mq/Vj (5 Id') 

Combining Eqs. 52 and 5 Id, we can now get 
ETq/RC: 

ETq/RC = TRq/RC - M 0 = (TRq/RC) (1 - V,) (54) 

Hence, the probability ip 0 that a trapped exciton 
moves an electron into the electron transport chain 
beyond Q“, is given as: 



RC/CS = (ABS/CS)/ (ABS/RC) (59) 

Once ABS/CS is experimentally accessible, and 
since ABS/RC is calculated from Eq. 58, RC/CS is 
calculated from Eq. 59 and the set of phenomenologi- 
cal fluxes is then given by: 

ABS/CS = as measured or approached (see 

below) (60) 

TRq/CS = (TRq/RC) (RC/CS) (61) 



4*0 s ETo/TRq= 1 -V, 



ETq/CS = (ETq/RC) (RC/CS) 



The maximum quantum yield of primary photo- 
chemistry, (p Po is by definition equal to TR 0 /ABS. 
Using Eq. 30', we write: 

Tpo 25 TRq/ABS = 1 - (F 0 /F m ) (56) 



When the value of ABS/CS can be directly deter- 
mined experimentally (by reflectance measurements), 
hence being a measure of Chl/CS, it is denoted as 
ABS/CS chl . If this is not possible (like in field experi- 
ments), it can be approximated as: 



Hence, we get for cp^, the yield of electron transport 
at time zero, the following expression: 



ABS/CSq = F 0 or ABS/CS m = F M 



cp EoS ETq/ABS = (TR 0 /ABS) (ETq/TRq) 
= «P r ,4>o=[1-(Fo/Fm)]( 1-V j ) 



( 57 ) 



Concomitantly, 
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TR 0 /CS 0 «[1-(F 0 /F m )F 0 ] or 

TVCS m ~[1-(F 0 /F m )]F m (61') 

ET 0 /CS 0 = [1 - (F 0 /F m )](1 - Vj)F 0 or 

ETyCS M - [1 - (F 0 /F m )] (1 - Vj)F m (62') 

We note that both approximated values of ABS/CS in 
Eq. 60' (subscripts ‘O’and ‘M’indicatingwhichofthe 
fluorescence extremes, F 0 or F M respectively, is used) 
are in arbitrary units. Hence, they are meaningful 
only for comparison of samples that have the same 
fluorescence yield (p Fo or cp FiVI respectively. 

2. Non-Q ^reducing Reaction Centers - Silent 
Reaction Centers Functioning as Heat Sinks 

Applying the JlP-test for studies on the behavior of 
PS II when photosynthetic organisms were exposed 
for a short time to light or heat stress, we witnessed, 
in most cases, a pronounced decrease of (p Po = TR,/ 
ABS (measured as F V /F M ) and a stability of TR 0 /RC, 
while no absorption changes were detected (by 
reflectance measurements). We proposed (Strasser 
and Tsimilli-Michael, 1998; Tsimilli-Michael et al., 
1998; for a review, see Strasser et al., 2000) that this 
apparent controversy is due to the transformation 
of some RCs to ‘heat sinks,’ i.e. to reaction centers, 
with modified conformation, which act as efficient 
exciton traps but dissipate all their excitation energy, 
as shown in Model c of Fig. 2. The proposal for the 
existence of this kind of photochemically inactive 
reaction centers, coming originally from Cleland 
et al. (1986) was integrated in the work of G. H. 
Krause on photoinhibition (called then ‘heat sinks’ ) 
as a possible protective mechanism (Krause, 1988; 
Krause et al., 1990; Chapter 18, Krause and Jahns). 
We propose here the term ‘silent reaction center’ 
denoting it as RC si , which we consider as more 
suitable to express that (a) these centers can neither 
reduce Q A nor back transfer their excitation energy 
to the antenna, hence the corresponding PS II units 
do not contribute to the variable fluorescence and 
their fluorescence yield remains constantly low and 
equal to that of units with open RCs; and (b) they 
are re-activated as soon as the stress that provoked 
the conformational modification ceases. 

In the case that some RCs have been transformed 
to RCs si , the experimental ratio F V /F M , referring to the 
whole sample, is not anymore equal to the maximum 
quantum yield of primary photochemistry qp Po , which 
is the ratio TR,/ABS only for PS II units with active 



RCs, but expresses an average value, the value of TR,, 
(only by active RCs) per total ABS ( ABS total ). On the 
other hand, the trapping flux TR^RC, which should 
read as TR 0 /RC actIve , since it is calculated only from 
the kinetics of the variable fluorescence, refers only 
to the photochemically active RCs, i.e. to those that 
can reduce Q A . Hence, the concomitant increase of 
ABS/RC, which should read as ABS total /RC active , does 
not mean a structural increase of the antenna size of 
a biochemical complex, but an increase of the appar- 
ent antenna size. Utilizing the JlP-test parameters, it 
is easy to calculate (Strasser and Tsimilli-Michael, 
1998) which fraction of the RCs that were active in 
the unstressed state (control, subscript ‘c’), remain 
active after stress (no subscript ) and, equivalently the 
fraction that was transformed to RCs 31 : 



RC (ABS / RC) c 
(RC) c ~~ (ABS/RC) 

(M„/Vj) e [1-(F 0 /F m >] 
(M 0 /Vj) [1-(F 0 /F m )J 



KC | (Mp/VA [1 — (Fq/F m )] 
(RC)c (M 0 / Vj) [1-(F 0 /F m )J 



3. Performance Indexes and Driving Forces 

Recently the term ‘performance index’ on an absorp- 
tion basis, PI abs, was introduced as a product of terms 
expressing energy bifurcations in PS II (for a review, 
see Strasser et al. 2000): 



^RC 


Tpo 


♦. 1 


1 - O'rc , 


v 1 ~ Tp 0 j 


o 

-9- 

1 



(65a) 



y RC = Chl RC /Chl total is the fraction of reaction center 
Clil molecules relative to the total Chi content. Since 

Chl total — Chl antenna + Chl RC , we get y RC /(l — Yrc) — 
Chl RC /Chl antemia = RC/ABS. Hence: 



PI. 



RC 


Tpo 




( ABsj 


U-TpoJ 


M.J 



(65b) 



Multiplying by the flux ABS/CS X (see Section VB. 1 
or Table 2 for explanation of the subscript ‘x’) so 
that a factor for Chi concentration per excited cross 
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section is integrated, leads to the definition of the 
performance index on a cross section basis, PI CS : 



PI CS = 


RC 


<Ppo 


’1*0 


CS 

V X / 


l 1_< pp0j 


l 1 — 4*o J 




ABS 


PI ABS 






CS 





( 66 ) 



Introducing the notations DF chl =log[ABS/CSJ, 
DF rc = log[RC/ABS], DF (p = log[cp Po /(l - cp Po )] and 
DF ip = logppyci - rp 0 )] for the partial driving forces, 
we can write the above equations as 

DF abs = DF rc + DF^ + DF^ (67') 

and 



Substitution of the biophysical by the experimental 
parameters (see Table 2) results in: 



PI = 

ABS 






M 0 /V, 
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1-V, 



v t 



(65b') 



PI CS = 
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|1-(F 0 /F m )) 
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( 66 ') 



As defined, the performance index is a product of 
expressions of the form [p 4 /(l - p p )], where p, (for 
i=l , 2, . . . , n) stands for probability or fraction. Such 
expressions are well-known in chemistry; inNemst’s 
equation, p, represents the fraction of the reduced and 
(1 - Pi) the fraction of the oxidized form of a com- 
pound and log[p/(l - p^] expresses the potential or 
driving force for the corresponding oxido-reduction 
reaction. Extrapolating this inference from chemistry, 
the log(PI) can be defined as the total driving force 
( DF) for photosynthesis of the observed system, cre- 
ated by summing the partial driving forces for each 
of the several energy bifurcations (at the onset of the 
fluorescence rise O-J-I-P): 



DF CS = DF Chl + DF rc + DF„ + DF^ (68') 

4. Complementary Area and Turnover Number 

The total complementary area (from time 0 to t F ) 
is directly calculated from the digitized fluorescence 
rise: 



Area = J(F M -F t )dt (69a) 

o 

At a first glance, we can easily deduce that the 
more the electrons from Q~ are transferred into the 
electron transport chain, the longer the fluorescence 
signals remain lower than F M and the Ar ea becomes 
bigger. Flowever, in order to quantitatively compare 
different samples, the Area must be normalized on 
the maximum variable fluorescence. The normalized 
expression, defined as S m s Area/(F M - F 0 ), is hence 
written as: 
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(69b) 
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DF CS = log(PI cs ) = log 
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( 68 ) 



Subscript ‘m’ is used to specify that, contrary to the 
case of DCMU-treated samples (Section III. A), the 
closure of RCs in vivo is a multiple turnover event. 

Recalling Eq. 1 5a', which gives the total excitation 
rate of all the units with open RCs as E° 2 p tot = Eg, ( 1 - V), 
we see that Eq. 69b gives a measure of the excitation 
energy needed to be supplied (by open units) in order 
to close all RCs, i.e. it expresses a work-integral. 
Hence, it also gives a measure of the amount of all 
electron acceptors that are reduced until all RCs 
are closed and, concomitantly, of the total electron 
transport activity. The smallest possible normalized 
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total area appears when each Q A is reduced only once 
(single turnover), as in the presence of DCMU, and 
it can then be denoted as S s (subscript ‘s’ standing 
for single turnover); in that case the normalized area 
would give a measure of the total amount of Q A . 

Hence, the so-called turnover number N, which 
expresses how many times Q A has been reduced in 
the time interval from 0 to t F , is defined as 



N = S m /S s (70) 

If we consider an exponential fluorescence rise 
for the single turnover situation, then the normalized 
area S s would be inversely proportional to the initial 
slope of the relative variable fluorescence, i.e. S s = 
(Mq dcmu)” 1 - However, as analyzed above (see Eq. 
5 Id), the value of this slope can be also calculated 
from the in vivo fluorescence transient as M odcmu 
= M 0 /Vj, without the requirement of additional 
measurements in the presence of DCMU. Hence, 
under in vivo conditions, S s = (M 0 /VjT‘ and Eq. 70 
is written as: 



N = S m M 0 /V J (71) 



5. Average Excitation Energy of Open Reac- 
tion Centers and Related Parameters 

The time tp M to reach maximal fluorescence F M is 
accurately determined only if F M appears as a clear 
peak in the fluorescence transient. Using Eq. 69b, we 
get for the ratio S m /t F the following expression: 



presses also the average fraction of open RCs. 

6. Determination of the Overall Grouping 
Probability 

The JlP-test provides also the means to calculate the 
overall grouping probability in photosynthesizing 
samples in vivo and in situ, while all previous efforts 
dealt with DCMU-inhibited or low-temperature- 
blocked photosynthetic material, i.e. were restricted 
to cases where the fluorescence transient reflects pure 
photochemical events. The basis of the calculation by 
the JlP-test is that, as explained above, the O-J part 
of the fluorescence transient reflects Q A reduction by 
single turnover events, coinciding, when expressed 
as W = f(t), with the V = f(t) of a DCMU-inhibited 
sample. Any exponential curve, with the J-level as 
asymptote, would express separate units. As tested 
by numerical simulations, the exponential curve 
corresponding to all the other features of the sample, 
denoted then as W E = f(t), crosses the actual curve 
W = f(t) at about 300 ps. The difference W Et - W t of 
the actual sigmoidal from the simulated exponential 
curve depends on the extent of grouping. The overall 
grouping probability p 2G is calculated as follows, 
utilizing the maximal difference W E t - W„ which 
appears at 100 us, so that the highest sensitivity is 
achieved (for details, see Stirbet etal., 1998b; Strasser 
and Stirbet, 2001): 



(^E,100ns ^lOOns ) F q 

w^a-w^v^v, (F m -F 0 ) 



(74a) 



^ L = ^-/(1-V t )dt = (l-V av ) (72) 

\ \ 0 

Based on the biophysical meaning of S m as ana- 
lyzed above, Eq. 72 shows that the ratio S m /tp M offers 
a measure of the average excitation energy of open 
RCs in the time interval from 0 to t F , i.e. during the 
time needed for their complete closure. 

Concomitantly, S m /tp M gives a measure of the aver- 
age electron transport activity. 

Further, using Eq. 29, the average quantum yield 
of primary photochemistry is given as: 

9V = TR av /ABS = cp Po (l - V av ) = <p Po (S m /tp M ) (73) 

Note that in the case of separate units, S m /tp M ex- 
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The set of Eqs. 74a-74d were applied to process 
experimental fluorescence data from leaves of the 
same pea plant, with and without DCMU, and the 
calculated values of the overall grouping prob- 
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ability p 2G were found to be very close, 0.26 and 
0.25 respectively (Stirbet et al., 1998b; Strasser and 
Stirbet, 2001). 

7. Non-Q B -reducing Reaction Centers 

The PS II units can show a heterogeneity concern- 
ing the Q a -Q b binding (Govindjee, 1990; Lavergne 
and Briantais, 1996). Adaptation processes can also 
regulate this heterogeneity, altering the fraction of 
non-Q B -reducing RCs. The fluorescence transient 
and the relaxation kinetics in the dark (Strasser et 
al., 1992; Strasser and Stirbet, 1998) can provide an 
estimation of this fraction by numerical simulations 
(Strasser and Stirbet, 1998). However, an easier and 
faster test can be used (Strasser et al., 1992, 2001; 
Strasser andTsimilli-Michael, 1998), which utilizes 
two fluorescence transients induced by two subse- 
quent light pulses (each of 1 s duration). The first 
pulse, given after a dark period long enough to ensure 
the re-opening of all RCs, induces a fluorescence 
transient, which we label O-J-I-P; a second pulse 
follows, inducing a fluorescence transient, which 
we label as 0*-J*-I*-P*. The dark interval between 
the two pulses is short enough to allow only the 
reopening of the Q B -reducing RCs (fast reopening 
RCs). The duration of the dark interval is chosen for 
each organism by experimental investigation of the 
fluorescence decay and, once this choice is made, the 
test comprising of the two subsequent transients can 
rapidly screen many samples. The experimental data 
show that closed RCs that do not open within about 
500 ms (slow-reopening RCs) have to be considered 
as non-Q B -reducing RCs. 

Obviously, F 0 * is the resultant of fluorescence 
emitted by the units with still closed RCs (the non-Q B 
reducing RCs; their fraction is labeled as B 0 *) and 
units with open RCs (the fast reopening RCs; their 
fraction equals 1-B 0 *). On the other hand, though 
F m * has the same origin as F M (both emitted when 
all RCs are closed), it may appear slightly lower due 
to initiation of conformational changes triggered by 
the first pulse; in that case, as an approximation, we 
normalize the two fluorescence transients on their 
respective F M . Hence, F 0 *(F M /F M *), the normalized 
value of F 0 *, can be projected as a point on the 
first transient, corresponding to a relative variable 
fluorescence V 0 *, which is hence calculated as: 



v * = f;(f m /f;)-f 0 (f 0 */f;)-(f 0 /f m ) 

° (F m -F 0 ) (Fy/FJ 

_ (f v /f m )-(f;/f;) ^ 

(Fy/FJ 




(Fy/F M ) 



(75) 



Though, V 0 * is not necessarily equal to B 0 *, due 
to possible connectivity, Eq. 75 offers a good ap- 
proximation for the estimation of the fraction of 
non-Q B reducing RCs (slow re-opening RCs) as 
shown by comparison with results from numerical 
simulations. 

8. Summarizing the JlP-test 

The translation by the JlP-test of original data from 
a fluorescence transient to biophysical parameters 
that quantity the PS II behavior is summarized in 
Table 2. Note that many of the JlP-test parameters are 
interdependent. The independent parameters can be 
classified in a group of four parameters (e.g. F 0 /F M , 
Vjoo^, M 0 and Vj) derived from the O-J phase, hence 
providing information for Q A reduction by single 
turnover events, and a group of three parameters 
(e.g. Vj, S m and t F ) providing information for Q A 
reduction by multiple turnover events. 

The JlP-test provides adequate information about 
the behavior (structure, conformation and function) of 
the photosynthetic apparatus being at any physiologi- 
cal state. It can as well be used to study point by point 
the changes of this behavior, expressed as changes of 
the parameters discussed above, during the entire P-S 
transition. For this study (see Fig. 6; from Strasser 
et al., 2000) two actinic illuminations are used, both 
provided by the light source of the PEA-fluorimeter 
set at 3% or 100% (irradiance of 18 and 600 W nr 2 , 
or 96 and 3200 pmol photons nr 2 s~‘ respectively). 
An O-J-I-P transient is induced in a dark-adapted leaf, 
i.e. d F = f(t) (‘d’ standing for dark), by illumination 
for 1 s with 600 W nr 2 . The leaf is readapted to dark 
for 10 s and then exposed for 10 min to 18 W nr 2 
light. Every 10 s a fluorescence transient, 'F = f(t) (7’ 
standing for light ), is induced by a 1 s light pulse of 
600 W nr 2 . All transients are recorded to be further 
analyzed by the JlP-test (Strasser et al., 2000). In 
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Fig. 6. Polyphasic induction kinetics of Chi a fluorescence (from pea leaf) showing the P-S state-transition (from Strasser et al., 2000). 
Two actinic illuminations are used, both provided by the light source of the PEA-fluorimeter (see the legend of Fig. 1 ) set at 3% or 1 00% 
(irradiance of 18 and 600 W nr 2 , or 96 and 3200 pmol photons m 2 s 1 respectively). An O-J-I-P transient is induced in a dark-adapted 
leaf, i.e. d F = f(t) (‘d’ for dark), by illumination for 1 s with 600 W m 2 ; the distinct steps are indicated by big black circles and are 
marked. The leaf is readapted in dark for 10 s and then exposed for 10 min to 18 W m 2 light; the peak of this transient is marked ( d F p ). 
Every 10 s a fluorescence transient, 'F = f(t) (T for light), is induced by a 1 s light pulse of 600 W m 2 ; the distinct steps 7 F S (= Tp), 'Fj, 
; F, and / F M are indicated by big open circles. The insert shows the fluorescence transients of the dark-adapted sample (A) and the sample 
adapted for 10 min to the illumination of 18 W m 2 (B). Fluorescence values are expressed as F/ d F () . 



such an experiment t ¥ {) is approximated by d F 0 , while 
the utilization of far-red light between the sequential 
transients permits the recording of the accurate values 
of'¥ 0 as well. Hence, besides obtaining all the infor- 
mation for the calc ulation of the JlP-test parameters, 
the utilization of d F 0 , d F M and d F p (in the dark) and 'F 0 , 
/ F m and 7 F S (in the light) leads to the calculation of all 
common quenching indexes so far defined ( Schreiber 
et al., 1986; Van Kooten and Snel, 1990; Bilger and 
Bjorkman, 1994), e.g. photochemical quenching q p 
(or qQ) and non-photochemical quenching NPQ or 
q N , with a high signal to noise ratio. 



C. The Step at 300 \is (the K-Step) of the 
Fluorescence Transient: A Probe of Photo- 
system II Donor Side 

Under various stress conditions, such as heat stress 
(Guisse et al., 1995a,b; Srivastava and Strasser, 
1995, 1996, 1997; Srivastava et al., 1995, 1997; B. 
Strasser, 1997; Lazar and llik, 1997; Lazar et al., 
1997a) or drought stress (Guisse et al., 1995b), an 
early step was found to appear in the fluorescence 
rise at about 300 ps and was labeled as the K-step. 
Under strong heat stress (44 to 48 °C), the K-step 
was predominant, followed by a pronounced dip 
and later by a slight increase to a highly suppressed 
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P-step. However, further investigation showed that, 
under milder heat stress (40 to 44 °C), fluorescence 
transients with distinct K- and J-steps, even separated 
by a dip, are exhibited; this excludes the possibility 
that the K-step is just a shifted J-step and shows that 
a regular O-J-I-P transient is transformed to an 0- 
K-J-I-P one. Such a transient was also observed in 
algal culture of Haematococcus lacustris at certain 
phases of its life cycle, namely in the red flagellates 
and red spores, while green flagellates and green 
spores exhibited the K-step only after heat treatment 
(Srivastava et al., 1997). 

Moreover, the O-K-J-I-P transient is also exhibited 
by different higher plants growing naturally in eco- 
systems with dry and hot environment, like leaves of 
Cycus revoluta and Permelia sp., as well as fruits of 
Juniperus sp. (Srivastava et al., 1997). It was hence 
proposed that the process responsible for eliciting the 
K-step is a natural phenomenon in oxygenic plants, 
but the K-step is usually ‘hidden’ in the O-J rise, due 
to the established balance between the several electron 
transport reactions responsible for the fluorescence 
rise; thus, the K-step appearance is considered to 
result from a deviation of the usually established 
balance (Srivastava etal., 1997). Nitrogen deficiency 
was also found to cause the appearance of the K-step 
(Schmitz et al., 2001; see also Section VI). 

Several reports (Guisse et al., 1995a; Srivastava 
et al., 1995, 1997; Srivastava and Strasser, 1996; 
B. Strasser, 1997) have suggested that the K-step is 
related to the inactivation of the oxygen-evolving- 
complex (OEC) leading to an imbalance between the 
electron flow leaving the RC towards the acceptor 
side and the electron flow coming to the RC from the 
donor side of PS II, associated with the accumulation 
of a high fluorescence yield species (speculated to be 
Pheo - ; see also Section VD) acting as precursor of 
Q“. Evidence supporting this suggestion was provided 
by different experimental approaches: (a) In samples 
exposed to strong heat stress (see above), the addition 
of hydroxylamine, known from the literature to act as 
an electron donor to PS II, restored to a large extent 
the regular shape of the fluorescence rise (Guisse et 
al., 1995a; Srivastava et al., 1995, 1997; Srivastava 
and Strasser, 1996). (b) Addition of hydroxylamine to 
non-heated samples, known also to extract manganese 
from the oxygen evolving complex (OEC) besides 
restoring electron donation, resulted in the appearance 
of the K-step, however only under high light intensity 
(>300 W nr 2 ) (B. Strasser, 1997). (c) The period-4 
oscillations of F 0 and F :( , related to the S-states of the 



OEC and revealed when the fluorescence induction is 
preceded by exposure to different number of single 
turnover flashes, disappear in heat treated samples 
similarly as in samples where the OEC was inacti- 
vated by hydroxylamine (B. Strasser, 1997; Strasser 
and Strasser, 1998). (d) In unheated samples, the 
K-step appeared in the fluorescence rise when the 
OEC was brought, before the onset of illumination, 
to the S 3 -state by pre-illumination with two single 
turnover flashes (B. Strasser, 1997; Strasser and 
Strasser, 1998); the S, -state is known (for a review 
see , Lazar, 1 999) to have a much smaller rate constant 
for electron donation than the S[ -state which is the 
predominant one in dark-adapted samples (S 3 -> S 4 
is about 15 times slower than S, -* S 2 ). 

In accordance with the experimental results pre- 
sented above, simulations of the O-K-J-I-P transient 
(Lazaret al., 1997b) showed that the electron transfer 
from water to Y z is much slower than from Y z to 
P680 + , the rate-limiting step being at the OEC. Hence, 
it can be postulated that, by breaking the OEC, the 
electron flow becomes faster, but the electron pool 
is quickly exhausted since no electrons are provided 
by OEC, while addition of hydroxylamine restores 
electron supply. 

It appears that activation and inactivation of the 
OEC is a common regulation mechanism under in 
vivo conditions determined by the way manganese 
is bound in the complex. Information regarding the 
donor side, both from the K-step and the period-4 
oscillations of fluorescence signals at certain steps (F 0 , 
F k and Fj) of the fluorescence transient (B. Strasser, 
1997) can be utilized for further investigations of the 
behavior of PS II, as extensions of the JlP-test. 

D. Numerical Simulations of the Polyphasic 
Fluorescence Rise O-J-I-P 

Simulations of experimental fluorescence transients 
are today so advanced that the fitting of the experi- 
mental data can be achieved with an accuracy of ± 
2% over the entire time span from 20 ps to 2 s, i.e., 
for 5 orders of magnitude. The simulations are based 
on the solution of systems of differential equations 
formulated on the basis of biochemical models of 
different complexity levels (Stirbet and Strasser, 
1995, 1996, 1998, 2001; Lazar et al., 1997b; Stirbet 
et al., 1998a, 2001; Strasser and Stirbet, 1998, 2001; 
Vredenberg, 2000; Lazar, 2003). Different models 
have incorporated different assumptions and/or 
combination of assumptions, i.e. grouping of PS II 
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units, oxidized plastoquinone quenching, dependence 
of the fluorescence yield on the donor side of PS II, 
i.e. on the S-states of the OEC. 

Obviously, a precondition for the simulation and 
fitting of biochemical models with experimental data 
is the transformation of a fluorescence induction 
curve F = f(t) into a kinetic B = f(t) of the fraction 
of closed RCs. As pointed out in Section II.C.2, the 
equivalences ‘low fluorescence yield units <=> open 
RCs’ and ‘high fluorescence yield units closed 
RCs’ are identities, i.e. they express the definition 
of ‘open’ and ‘closed’ RC. On the other hand, the 
equivalences ‘open RCs <=> Q A ’ and ‘closed RCs <=> 
Q A ’ are conceptual, based on the quencher theory of 
Duysens and Sweers (1963) and accepted since then. 
However, during the last forty years, our knowledge 
regarding the composition and the structure of PS II 
has advanced with a lot of information, among which 
is the role of Pheo as the primary electron acceptor 
(see e.g., reviews by Diner and Babcock, 1996; Ke, 
2001; Diner and Rappaport, 2002). Hence, the equa- 
tion B = [Q A ]/[Q A tal ] is brought under dispute and it 
becomes necessary to re-examine the biochemical 
species that may be associated with high fluorescence 
yield. 

In an effort to tackle this question, a comparative 
study of simulations was carried out (Strasser and 
Stirbet, 2001) for three different possible approaches, 
all based on the same reaction scheme (shown in 
Fig. 7) with the electron transfer reactions at the 
acceptor side of PS II involving 12 biochemical spe- 
cies (see numbering in Fig. 7; equations below and 
Fig. 7 use abbreviation ‘Ph’ instead of ‘Pheo’). For 
each one of these approaches (see (a), (b) and (c), 
below), the fraction B of ‘closed RCs’, in the sense 
of high fluorescence yield species responsible for the 
fluorescence induction kinetics, is built up by distinct 
combinations of biochemical species. 

(a) The widely accepted ‘classical’model (Duysens 
and Sweers, 1963) in which Q A acts as a quencher, 
i.e. ‘open RCs (low fluorescence yield) <=> Q A ’ and 
‘closed RCs (high fluorescence yield) <=*> Q" ’: 

B = PhQ A Q b + Ph-Q A Q B + P1iQ a Qb 
+ Ph-Q A Qg+PhQ A Ql- + Ph-Q A Qg 

(b) An extended version of the ‘classical model’, 
proposed by Vrederberg (2000; also Chapter 6, Vre- 
denberg), according to which the species with only the 
primary quinone acceptor reduced (Q A ) have half a 
contribution to the building of B(t) compared to those 
with both acceptors, Pheo and Q A , reduced: 



B = (!4)(PhQ A Q b + PhQ-Qi + PhQ A Q|~) 
+Ph-QiQ B + PlrQ-Q- + Ph-Q A Qr 

(c) A model according to which only Pheo" is re- 
sponsible for the fluorescence rise, i.e. B(t) is built 
up by all the species with reduced Pheo" (Strasser 
and Stirbet, 2001): 

B = PlrQ A Q B + PlrQ-Q B + PlrQ A Q" 

+ Ph-Q-Qi + Ph-Q A Q1"+ Ph-Q-Ql" 

The simulations for all these three models, where 
grouping of PS II units was also taken into account, 
led to fittings that were equally satisfactory (accuracy 
± 2% over the entire time span from 20 ps to 2 s). 
Hence, the question, which of the three models is best, 
remains open for the moment. However, models (a) 
and (b) require an explanation why Q~ would result 
in high fluorescence yield since the RC still acts as a 
trap and Pheo can still be reduced, while model (c) is 
based entire ly on dynamic photochemical quenching 
due to the utilization of the RC excitation energy for 
the reduction of the primary acceptor Pheo. Further 
research is needed to reach a final conclusion. 

£ Simultaneous Measurements of Fluores- 
cence Rise and P700 Oxidation Kinetics 

Parallel to the primary charge separation (P680 + Pheo~) 
occurring after an exciton is transferred to the chlo- 
rophyll of the RC of PS II (P680->P680*), a similar 
sequence of events takes place in PS I: light is ab- 
sorbed by the PS I antenna, excitons are transferred to 
the Chi ofthe reaction center of PS I (P700-HP700*), 
and primary charge separation follows leading to 
P700 + Ao", where Ao is a bound chlorophyll monomer 
(like Pheo being a bound pheophytin molecule) (for 
details, see Ke, 2001). In order to understand the 
interactions and the regulation of the two systems, 
it is necessary to measure simultaneous changes in 
the two systems. 

A large number of studies have dealt with the stoi- 
chiometry of PS I and PS II, using Chi (/fluorescence 
as a monitor of Q A reduction and thus of PS II activ- 
ity, and absorption changes at 820 mn as a monitor 
of P700 oxidation (as introduced by Kok and Hoch, 
1961 ) and, hence, of PS I activity. An early attempt 
to measure, at 77 K, P700 absorption and Chi a 
fluorescence simultaneously was made by Strasser 
and Butler (1976) who studied migration (spill-over) 
of excitation energy from PS II to PS I. Schreiber 
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Fig . 7. The reaction scheme of the electron transfer reactions at the acceptor side of PS II reaction center (from Strasser and Stirbet, 
2001 ). Four light quanta arc necessary for the complete reduction of the electron carriers (PhQ A Q B — » PlrQ ~Qb~)- The (O)-K-J-I-P phases 
of the fluorescence transient are correlated, depending on the model (see text ), with the 12 distinct biochemical species (see numbering) 
formed during the accumulation of electrons in the three electron carriers Ph, Q A andQ B . See list of abbreviations in the text. 



et al. (1988) introduced parallel measurements for 
quantum yields of PS II (using Chi a fluorescence) 
and PS I (using absorbance change at 830 nm) in 
leaves, by a modulated instrument. This method 
for simultaneous measurements of PS 1 and PS II 
was further improved by Havaux et al. (1991) and 
by Klughammer and Schreiber (1994, 1998), and 
recently exploited by Eichelmann and Laisk (2000) 
for the understanding of the cooperation between 
PS I and PS II in leaves. 

Recently, simultaneous measurements in pea plant 



leaves of the O-J-I-P kinetics ( 10 ps time resolution) 
of Chi a fluorescence (PS II) and the kinetics (sub ms 
time resolution) of photo-oxidation of P700 (PS I; 
measured as light induced absorption changes at 820 
nm) were conducted, by using two shutter-less PEA 
fluorimeters, with the one modified to integrate a 
high frequency modulated measuring beam at 820 nm 
(Strasser et al., 200 1 ; Schansker et al., 2003). Plotting 
the two kinetics, both induced by continuous red (650 
nm) light of 3000 pmol photons m 2 s _1 , on a logarith- 
mic time scale, revealed interesting correlations of 
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Fig. 8. Simultaneously measured induction kinetics of PS II , expressed by the O-J-I-P fluorescence transient (plotted as kinetics of the 
relative variable fluorescence, bottom), and PS I, expressed by the photocurrent I at 820 nm (plotted as kinetics of I/l 200ms (top), during a 
1 s light pulse (from Strasser et al., 200 1 ; also see Schansker et al., 2003). The measurements were conducted with two light pulses: the 
first pulse was given to samples dark -adapted for 12 min, while the second pulse after various dark intervals (from 100 ms to minutes) 
following the first pulse, as indicated in the figure. V, * denotes the relative variable fluorescence at the onset of the second pulse (while 
V 0 , at the onset of the first pulse, equals zero by definition). 



the events at the two photosystems. In the presence of 
DCMU, which blocks the intersystem electron flow, 
an accumulation of P700\ revealed as an absorbance 
increase at 820 nm (decrease of the photocurrent I) is 
observed throughout the entire time span from 20 ps 
to 2 s. On the other hand, the increasing Q“ concen- 
tration, reflected in the fluorescence rise, reaches its 
maximal value at about 2 ms (the time at which the 



J-step appears in non-treated samples) and does not 
exhibit any further changes up to 2 s. In the non-treated 
and dark-adapted leaves (see Fig. 8) the simultaneous 
measurements showed that from 20 us to about 20 
ms, while the Q A reduction to Q A ~ gives rise to the 
O-I phase of the fluorescence transient, the kinetics 
of the P700 to P700 + oxidation shows a continuous 
accumulation of the oxidized form, as in the presence 
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of DCMU, which means that electrons form PS II do 
not reach PS I, though the two photosystems are not 
chemically separated by any inhibitor. After about 20 
ms and until Q A is fully reduced, i.e. during the I-P 
phase of the fluorescence transient, the two kinetics 
proceed almost in parallel, Q A continuing to get re- 
duced to Q a and P700 + getting re-reduced to P700 
(for details, see Strasser et al., 200 1 ; Schansker et al., 
2003 ). These results show that only after about 20 ms 
the plastoquinone pool, which is reduced by the PS II 
activity, starts to donate electrons to PS I. 

A more detailed investigation was carried out by 
using two light pulses (red light — 650 nm of 3000 
pmol photons nr 2 s -1 ) of 1 s duration, as illustrated 
in Fig. 8 (see Strasser et al., 2001; Schansker et al., 
2003). The first pulse was given to a dark-adapted 
leaf, and the second one after different dark intervals 
(from 100 ms to minutes) following the first pulse. 
The fluorescence transients are plotted as kinetics 
of the relative variable fluorescence, calculated on 
the basis of F M - F 0 from the first pulse. The value 
of V 0 *, the relative variable fluorescence at the on- 
set of illumination (marked with *, like in Section 
VB.7), offers a measure of the fraction B 0 * of RCs 
that remained closed after the dark interval. With 
this investigation it was shown that the availability 
of intersystem electrons, expected to be higher when 
the dark intervals are shorter, affects strongly both the 
extent of P700 + accumulation and the fluorescence 
transient, especially the fluorescence values in the 
O-J part, which is considered as the phase of single 
turnover events (see Section VB ). 



VI. Concluding Remarks and Future 
Perspectives 

The analysis of the fluorescence transient O-J-I-P, as 
described above, has provided a wealth of informa- 
tion on PS II. In the future, we plan further analysis 
of the transient, aiming advancement on two fronts: 
biophysical analysis in order to achieve a better 
understanding of the structure and function of the 
photosynthetic apparatus, and extension of the JIP- 
test for rapid screening of the ‘vitality’ of plants. 

For the moment, only the numerical simulations 
utilize the whole of the O-J-I-P transient, which is 
very rich in information, while the JlP-test exploits 
very few data points of the transient. Our aim is 
to incorporate in the routine vitality test a detailed 
analysis of the whole digitized fluorescence kinetics, 



e.g. different normalizations, calculation of kinetics 
differences or ratios, as well as time-derivatives. 

An example of exploiting such possibilities is 
demonstrated in Fig. 9, where the fluorescence 
transients, induced and recorded as above described 
for the JlP-test, were used (Schmitz et al., 2001) 
to monitor nitrogen deficiency in cowpea plants 
( Vigna unguiculata L). The fluorescence transients, 
measured directly on leaves and expressed as ki- 
netics of (F t - F 0 )/(F 100ms - F 0 ) are depicted in Fig. 
9 (left vertical axis). The shape differences of the 
fluorescence transients, though roughly observed, 
hide a lot of information, as revealed when from each 
of them the transient of the control sample (grown 
at 20 mM KN0 3 ) is subtracted. The resulting kinet- 
ics of A[(F t - F 0 )/(F 100ms - F 0 )] are depicted in Fig. 9 
(curves a-f; right vertical axis). Each difference 
kinetics exhibits several peaks, all with amplitudes 
that increase with the decrease of nitrogen supply. 
The most pronounced peak appears at 300 us, i.e. at 
the time of the K-step appearance on the transient, 
indicating (see Section VC) a ‘disconnection’ in the 
water splitting system. The origin of the other peaks 
and dips remains an open question, which is not re- 
stricted to the experimental work presented here, since 
difference kinetics similar to those depicted in Fig. 9 
were observed to result from other stress effects ( R. J. 
Strasser, unpublished ). This question will be tackled 
on the basis of the existing knowledge concerning the 
phenomenology of the fluorescence transient, i.e. the 
position of its steps, and the biophysical events that it 
reflects, namely the reduction of PhQ A Q B to Ph" Q A Q B " 
(as presented in Fig. 8), the PQ reduction to PQH, 
and the concomitant elimination of plastoquinone 
quenching, as well as the building-up of membrane 
potential. Note that in Fig. 9, the sequence of steps 
revealed in the difference kinetics includes, besides 
the basic steps that clearly appear in all fluorescence 
transients, the H- and G-steps observed in other 
cases (e.g. fluorescence transients of foraminifers; 
see, Tsimilli-Michael at al., 1998, 1999), as well as 
the recently labeled L-step that marks the inflection 
point, characteristic of the curve’s sigmoidicity that 
is attributed to connectivity. 

Further investigations of simultaneously measured 
fluorescence transients and P700 oxidation will pro- 
vide a better understanding of the function of both 
photosystems and the intersystem electron transport 
chain, as well as of the fluorescence signals, to be 
used both for routine vitality tests and for numerical 
simulations. 
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Fig. 9. Chi a fluorescence transients exhibited by leaves of cowpea plants ( Vigna unguiculata L) grown at different K.N0 3 concentrations 
and dark-adapted for 1 h prior to measurements (based on data from Schmitz et al., 2001). The fluorescence transients (for experimental 
details see the legend of Fig. 1 ) are expressed in two ways, using different vertical axis: (1 ) as (F, - F 0 )/(F l00ms - F„) kinetics (left axis); 
(2) as A[(F t -F 0 )/(F 100ms - F 0 )] kinetics (right axis), i.e. as the difference of each of the (F, - F 0 )/(F 100ras - F 0 ) kinetics from that exhibited 
by the control samples (plants grown at 20 mM KN0 3 , found to be the saturating concentration). The K.NO, concentrations are: 20 mM 
for curve a (closed circles); 5 mM for curve b (open diamonds); 1 mM for curve c (open triangles); 0.5 mM for curve d (closed squares) 
and 0 mM for curve e (open circles). Curve/(closed triangles) is from plants grown without KN0 3 but inoculated with Rhizobium sp. 
strain NGR234 (10 9 bacteria/ 200 pi). The figure shows the full sequence of steps 0-(L)-(K)-J-I-(Fl)-(G)-.. .-P (see text) and reminds us, 
in a simplified way, the biophysical events reflected on the transient, namely the reduction of PhQ A Q B to Ph~Q~Q B 2 ', the reduction of PQ 
to PQH 2 and the concomitant elimination of plastoquinone quenching, as well as the building-up of membrane potential. 



Ongoing simulations attempt to integrate delayed 
fluorescence (Chapter 13, Tyystjarvi and Vass), in 
order to provide recognition of specific charge recom- 
bination and back reactions from the acceptor to the 
donor side of PS II. An attempted reaction scheme 
(see Stirbet and Strasser, 2001) aims to correlate 
the steps of the fast O-K-J-I-P prompt fluorescence 
traces, as well as the potential dips between these 
steps (see Section V), with the respective phases of 
delayed fluorescence traces (see Goltsev et al., 2003). 
The correlation takes also into account the impact 
of the S-states of the water splitting system on the 
fluorescence rise (namely the period 4-oscillations). 
The question about the possible role of Pheo" remains 
open. More has also to be known about the possible 
influence of P680' on the fluorescence transient under 
in vivo conditions. 

The J IP-test, as analytically described above, leads 
to a quantification of the PS II architecture and behav- 
ior. Numerical simulations verify that the formulae 
of the J IP-test, though derived with some theoretical 



compromises, give well-approximated parameters. 
These parameters describe the average architecture/ 
behavior of the sample tested, but also provide means 
for the detection, characterization and quantification 
of the heterogeneity of the sample at certain levels, 
namely the non-Q A - and non-Q B -reducing centers. 
All calculations and graphical presentations of the 
JlP-test results can be directly conducted from the 
recorded fluorescence transients with the BIOLYZER 
program (R.M. Rodriguez, Bioenergetics Labora- 
tory, University of Geneva; available at http://www. 
unige.ch/sciences/biologie/bioen). The incorporation 
of information on the donor side heterogeneity pro- 
vided by the K-step and the period-4 oscillations of 
fluorescence signals at certain steps (F 0 , F K and Fj) of 
the fluorescence transient in the J IP-test for routine 
screening is also in our future plans. 

The ease of measuring, under any conditions and in 
a short time, hundreds of fast fluorescence transients 
and the automatic data processing make the JlP-test 
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a powerful tool for rapid screening of the ‘vitality’ 
of plants, even more so because field investigations 
can be conducted with high laboratory precision. The 
future extension of this research will further improve 
its diagnostic capabilities. 
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Summary 

The photosynthetic machinery emits a fraction of absorbed light as a highly informative waste process. The 
emitted light can be observed as prompt fluorescence during illumination or as delayed luminescence after 
illumination is turned off. Luminescence is measured in the form of delayed light emission (DLE) as a func- 
tion of time or in the form of thermoluminescence (TL) as a function of temperature. Both fluorescence and 
luminescence originate mainly in Photosystem II. The yield of chlorophyll a fluorescence is modulated by the 
reduction state of the electron acceptor Q A of Photosystem II, whereas the momentary intensity of luminescence 
emission reflects the rates of charge recombination reactions between electron acceptors and electron donors 
of the photosynthetic electron transfer chain II. Both fluorescence and luminescence methods have proved to 
be invaluable tools in the studies of photosynthetic light reactions. In this chapter, we review the basics and 
the recent advances in DLE, TL and fluorescence of photosynthetic systems, concentrating particularly on the 
kinetics of these processes and on the links between the three types of measurement 



I. Introduction 

Most of the light absorbed by the photosynthetic appa- 
ratus drives electron transport in photosynthesis. This 
electron transport leads to transport of protons across 
the thylakoid membrane; the proton motive force, thus 
formed, leads to phosphorylation of ADP to ATP ( for 
a complete description, see Ke, 2001). However, a 
small fraction of the captured light energy is emitted 
as fluorescence from the excited chlorophylls. The 
intensity of this chlorophyll (Chi) fluorescence, also 
called prompt fluorescence, is modulated by the redox 
state of the primary plastoquinone electron acceptor, 
Q a , of Photosystem II (PS II) as well as some other 
redox components. Therefore, the variable yield of 
Chi fluorescence provides a useful diagnostic tool for 

Abbreviations: * - superscript for an excited state; AG, AG* - free 
energy and free energy of activation, respectively; AH, AH*~en- 
thalpy and activation enthalpy, respectively; AS, AS l_ entropy and 
activation entropy, respectively; A 0 - the first electron acceptor of 
PS I, a chlorophyll molecule; AG - afterglow band of TL; B - one 
of the thermoluminescence bands, related to recombination of 
QgWith S 2 /S 3 states; Chi -chlorophyll; DCMU - 3-(3,4-dichloro- 
phenol)-l,l-dimethylurea; DCPIP -dichlorophenol-indophenol; 
DLE - delayed light emission; EL - electroluminescence, also 
called electrophotoluminescence; F A , F x - electron acceptors of 
PS I (iron-sulfur centers); FR - far red light (>700 nm); P, P 680 , 
P 700 - primary electron donor in general, in PS II and in PS I, 
respectively; P 430 - electron acceptor of PS I, also called F x ; 
P 960 - primary electron donor of Rhodopseudomonas viridis; 
Pheo - pheophytin; PQ - plastoquinone; PS I, PS II - Photo- 
system I and Photosystem II, respectively; Q -one of the thermo- 
luminescence bands related to recombination of Q A with the S 2 
state; it was also called l D’ by some authors; Q A , Q B - primary 
and secondary quinone electron acceptor of Photosystem II, 
respectively; s, s 0 - temperature-dependent and independent preex- 
ponential factor, respectively; S„ - n ,h state of the oxygen evolving 
complex (n = 0-4); TL - thermoluminescence; Z - tyrosine Z, 
also called Yz, electron donor to P^ 



studying electron transport (see various chapters in 
Govindjee et al., 1986). The separated charge pairs 
produced during forward electron transport can also 
recombine via thermally activated backward reac- 
tions. This process repopulates the excited states of 
the reaction center Chls of PS II or PS I, and leads to 
delayed light emission (DLE), or delayed fluorescence 
(Lavorel, 1 975). In practice, the term DLE is reserved 
for describing delayed light emission under isother- 
mal conditions . If DLE is stimulated by increasing the 
temperature of the sample, the process is called ther- 
moluminescence (TL) (Vass and Govindjee, 1996). 
It is of note that formation of charge pairs can occur 
to some extent in pigment assemblies, and thus some 
delayed light can be emitted by systems that do not 
perform photosynthetic electron transport. Variable 
Clil fluorescence and delayed light provide informa- 
tion about energy storage, forward electron transfer 
and back reactions in the photosynthetic apparatus, 
particularly PS II. The theoretical background and 
experimental methods of exploiting this source of 
information will be described in this chapter. 



II. Thermodynamics of Reaction Kinetics 

A. Structure of Reaction Rate Constants 

An energy level diagram (Fig. 1 ) describes the forma- 
tion of products P from reactants R in a chemical re- 
action. The free energy change (AG = AG PR * - AG RP *) 
determines the driving force of the reaction, and the 
free energy of, activation AG* determines how rapidly 
the reaction approaches equilibrium. A negative AG 
characterizes exothermic reactions (Fig. 1), whereas 
AG* is always positive. We will first discuss AG*. 
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Reaction coordinate 



Fig. 1. The free energy of activation, AG^, of an exothermic 
reaction R P, the AG PR * of the endothermic reaction P -* R, 
and the free energy difference between R and P, AG. 



exponential in Eq. (3 ) is the proportion of activated 
complexes with energy higher than AG* above the 
reactant level, assuming that their energies obey the 
Maxwell-Bolzmann distribution law. 

The free energy of activation AG* can be divided 
into an activation enthalpy, AH*, which is a tempera- 
ture-independent part of the activation barrier, and 
activation entropy , AS* related to order changes in 
reactants and solvent molecules, hence 

k = Ae ir^-^W ( 3 ) 

According to the Eyring theory, A is a universal 
temperature-dependent constant and its value for 
unimolecular reactions is 

k.T 

A = - (4) 
h 

where h is Planck’s constant. A can be interpreted as 
a vibrational frequency. Equation (4) is often rear- 
ranged by defining a pre-exponential factor s 



The rate V of a chemical reaction n,R,+n 2 R 2 +. . . n ^ 
-> Products can be described by 



AS* 

s = Ae kb 



(5a) 



where k is the rate constant and [R ( ] denotes the con- 
centration (more accurately, the activity) of reactant 
Rj. The order of the reaction is the sum 



where s is temperature-dependent preexponential 
factor. By rearranging and replacing A in Eq. (3) by 
the right side of Eq. (4), we get 




A//* 

V 



(5b) 



n|+n 2 +...n m . 

According to the Eyring theory of reaction rates 
(Glasstone et al., 194 1 ), a chemical reaction occurs via 
the so-called activated complex. The rate constant can 
be calculated by multiplying an intrinsic frequency 
A at which the activated complex is converted to the 
products, by a function of AG*, which is the energy 
required for the formation of the activated complex 
from the reactants. The dependence of k on absolute 
temperature T has the form 

AG* 

k = Ae k|>r (2) 

where k b is Bolzmann’s constant, T is the absolute 
temperature and AG* is the free energy difference 
between the activated complex and the reactants. The 



At physiological temperatures, A is approximately 
10 13 s _l . Because the temperature dependence of A is 
weak compared to that of the exponential term, s can 
often be approximated by a temperature-independent 
constant s 0 , which leads to the historical Arrhenius 
equation 

Ea 

k = s 0 e v (6) 

where AH* has been replaced by the activation energy 
E a to reflect the approximation done by switching 
from s to s 0 . The activation entropy AS* can be ap- 
proximated from experimentally determined values 
of temperature-invariant frequency factors as 

AS* * 1 .38* 10 23 (30 + /h(s 0 » 



( 7 ) 




366 



Esa Tyystjarvi and Imre Vass 



where s 0 should be replaced by its numerical value 
in s _1 , and AS* is expressed in JK -1 . 

In the treatment above, it was assumed that when 
the transition state has been formed from reactants, 
it always decays to products. If this condition is met, 
the reaction is said to be adiabatic. In the non-adia- 
batic case, the value of k given by Eq. (5b) must be 
multiplied by a transmission coefficient whose value 
is less than unity (Glasstone et al., 1941; see also 
Devault, 1984). 

B. Free Energy Change in Forward and 
Backward Reactions 



The driving force for the reaction R -> P, AG RP does 
not appear in the expression of its rate constant k RP 
However, because the activated complex is the same 
for the forward and the reverse reaction, one can im- 
mediately see from Fig. 1 that AG PR *, the activation 
free energy for the reverse reaction P -» R, is equal to 
- ( AG rp - AG rp *). Thus, AG rp affects the rate constant 
k PR of the (endothermic) back reaction and therefore 
determines the equilibrium K eq between the concen- 
trations of the products and the reactants 



K 



= ,F\ = Kl 

R k PR 



(8a) 



and by using Eqs. (2), (3) and (5), we get 



K = = e ~V 

eq 



(8b) 



and, dissecting AG PR into the enthalpy and entropy 
parts AG pr = AH pr - T AS PR and dropping the sub- 
script PR, 



ln(k 

v e q 



kj 



AS 

K 



(8c) 



Equation (8c) is often used to measure the enthalpy 
and entropy contributions in the driving force of a 
reaction, by measuring the temperature dependency 
of the equilibrium constant. 

Biological electron transfer reactions are direc- 
tional; i.e. they favor electron transfer in a forward 
direction determined by the negative sign of AG in 
the chain of reactions. Reactions in the opposite di- 
rection are respectively called back reactions . When 
a back reaction reverses an earlier charge separation, 



it is called a charge recombination. Kinetic studies 
of forward electron transfer reactions often aim at 
measuring the rate of electron transport in the normal 
operation of the electron transfer chain. The study of 
back reactions, in turn, often targets the calculation 
of the activation parameters, because the forward 
electron transfer step is stabilized by the activation 
free energy of the back reaction. It should be noted 
(Fig. 1 ) that the magnitude of the decrease in the free 
energy in an exothermic forward reaction (-AG) is 
generally smaller than the activation free energy AG* PR 
of the corresponding endothermic back reaction. 

Each electron transfer reaction can be divided into 
two partial reactions: oxidation of an electron donor 
D (D red -> D ox ) and reduction of an acceptor A (A ox -> 
A red ). Redox potentials of the D ox /D red and A ox /A red 
pairs can be used to compare AG values associated 
with these partial redox reactions . The redox potential 
is defined as the AG of an electron transfer reaction 
divided by the amount of charge transferred. When 
the standard redox potentials of the D ox /D red and A J 
A red pairs are calculated, it is assumed that the second 
reactant (A or D) is a hydrogen electrode. 

C. Tunneling 

Instead of following the rules described in section A, 
small entities like electrons, nuclei and even atoms 
and molecules, can move along the reaction coordi- 
nate by quantum-mechanical tunneling (for reviews, 
see DeVault, 1984; and Gao and Truhlar, 2002). 
Tunneling may lead to a shift from reactants to prod- 
ucts without intermediate formation of an activated 
complex, and therefore the rate of a tunneling reac- 
tion, as the first approximation, does not depend on 
temperature. However, tunneling can occur between 
thermally excited energy levels of the reactant and 
the product, and therefore temperature may speed up 
the process. This temperature dependence is weaker 
than the exponential temperature dependence of the 
rate constant given in Eq. (2). 

D. Biological Electron Transfer Reactions 

The bimolecularity of an electron transfer reaction 
D red + A ox -»■ D ox + A red determines a second-order 
process. However, if both D and A are positionally 
fixed components of a redox protein, concentrations 
of both D and A are equal and determined by the 
concentration of the protein, and therefore the reac- 
tion is of the first order. In actual electron transfer 
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proteins, numerous first-order steps are connected 
through electron-sharing equilibria. 

The activation parameters of biochemical electron 
transfer reactions are affected by several environ- 
mental factors. The electric potential across the 
membrane facilitates electron transfer in the direc- 
tion of the field and slows the opposite direction. 
Charge pairs in electron transfer chains are often 
stabilized by protonation and may therefore react to 
pH. Conformational changes in proteins may also 
affect the reaction rate in an electron transfer chain. 
The dependence of AG* on the energy required for 
the reorganization of the atoms during an electron 
transfer reaction has been described in the Marcus 
theory (Marcus and Sutin, 1985). 

E. Competition Versus Heterogeneity 

Biochemical reactants may sometimes enter several 
competitive reaction pathways. For example, the 
SjQaQb state of PS II may either proceed to S,Q A Q„ 
or may recombine to S,Q A Q B . Competitive reaction 
routes should be distinguished from heterogeneity , 
in which different reactions produce the same effect 
on the measured signal. An example of this type 
of heterogeneity is provided by the quantification 
of reactions S,Q A Q H -> S 2 Q A Q B and S,Q A Q B -*■ 
S,Q a Q b : with Chi fluorescence, assuming that only 
the redox state of Q A affects the fluorescence yield 
(Section III). Competition can be distinguished from 
heterogeneity by an examination of the reaction 
amounts, or amplitudes, of the different phases. In 
the case of competition, the relative amplitude of each 
phase equals the ratio of its rate constant to the sum of 
all rate constants, whereas heterogeneity allows other 
ratios between rate constants and amplitudes. 

F. Kinetics of Forward Electron Transfer Re- 
actions in Photosynthesis 

Forward electron transfer reactions that can be mea- 
sured from the decay of the flash-induced yield of 
‘variable’ Chi fluorescence, namely Q A Q„ — » Q A Q„' 
and Q a Q„ -» Q a Q b ', with the associated changes on 
the oxidizing side (Chapter 8. Shinkarev), appear to 
fit well to a fairly simple model of first-order com- 
ponents (Section III). Therefore, the introductory 
discussion concentrates on the kinetics of charge 
recombination reactions. 




Fig. 2. Charge recombination in the presence (A) and absence 
(B) of a conduction band. In a typical solid or semiconductor 

(A) , absorption of radiative energy excites electrons (•) from 
centers to the conduction band (see shaded area at the top). An 
electron on the conduction band can end up in an empty trap or 
in a center: light emission may accompany the latter reaction. 

(B) In the absence of electron transfer between center/tTap pairs, 
charge separation is confined to one charge pair, and charge re- 
combination occurs by electron transfer back to the same center 
that was emptied by excitation. 



G. Kinetics of Charge Recombination in Pho- 
tosynthesis 

1. Charge Recombination in Solid States and 
in Electron Transfer Proteins 

Charge recombination is the elimination of a charge 
pair by transfer of an electron trapped in a potential 
well to a positively charged center. Semistable charge 
pairs can be created by radiation in many inorganic 
materials like minerals and semiconductors as well 
as in redox proteins of biological systems (Fig. 2). 
In the rest of the chapter, we will assume that the 
mobile charge species is an electron and the immobile 
center has a cationic nature, but the discussion for the 
opposite case would be similar. In solid states, the 
electron is lifted from the potential well of the trap 
to the conduction band, which could be considered 
as an equivalent of activated complex of a biological 
reaction. An electron of the conduction band may 
recombine with an empty center or fill an empty trap; 
the latter reaction is called retrapping ( Fig. 2 A ). In a 
system consisting of isolated center-trap pairs ( Fig. 
2B), an electron released from a particular trap may 
only fill the center of the same trap. 

2. Luminescence as a Measure of Charge 
Recombination 

In photosynthetic charge recombination reactions, 
luminescence emission occurs through repopulating 
the excited state of Chi a. As a first approximation, 
the intensity I L of the luminescence is a measure of 
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the rate of the recombination reaction: 



, dn 

I , = -c — 
1 dt 



( 9 ) 



where n is the number of trapped electrons, and t is 
time. The (negative) proportionality factor c links a 
positive intensity value to the decay rate. 

If I L is measured at constant temperature as a func- 
tion of time after creation of the charge pairs, it is 
called delayed light emission (DLE, Section IV; for 
reviews see Lavorel, 1975; Malkin 1977a,b; Amesz 
and van Gorkom, 1978; Lavorel etal., 1982; Jursinic, 
1986). Alternatively, the luminescence emission can 
be measured while the temperature is continuously 
increased by heating the sample. In this case, the light 
emission is called thermoluminescence (TL, Section 
V; for reviews see Chen, 1 984; Sane and Rutherford, 
1986; Inoue, 1996; Vass andGovindjee, 1996). Since 
the recombination rate first increases when the rate 
constant increases with temperature (Eq. 5b) and then 
decreases with depletion of the charge pairs, a TL 
curve has the shape of a peak. Electroluminescence 
(EL, Section IVC), in turn, is measured by lowering 
the AG* of the recombination reaction by an external 
electric field. 

Charge recombination reactions occurring by tun- 
neling lead to luminescence if tunneling occurs to an 
excited orbital of the trap . An example of the effect of 
strong thermally assisted tunneling is the background 
luminescence emitted by illuminated ruby crystals 
at temperatures much below that of the TL band 
(Flerov and Flerov, 1998). Tunneling may also lead 
to detrapping to a ground-state orbital. 

In addition to recombination of charge pairs, the 
decay of a triplet state via an excited singlet state 
can produce delayed emission either via a direct 
elevation of the triplet to the singlet energy level or 
via production of the excited singlet state via triplet- 
triplet annihilation (for reviews, see Malkin, 1977a, b; 
Jursinic, 1986; Fnpckoviak and Ptak, 1994). 



product of the rate constant and the concentration of 
the trapped electrons. The temperature dependency 
of the rate constant was assumed to follow Eq. (6), 
and retrapping was assumed to be absent. With these 
assumptions, the filled traps decay exponentially 
under isothermal conditions. Using Eq. (2) for the 
rate constant, we get 



AG* 

I ole = ~ckn(t) = —cn n Ae~ A “ 4 (10) 

where n 0 is the number of filled traps at zero time and 
n(t) is the number of filled traps at time t. 

Calculated TL and DLE curves produced by a 
first-order process are shown in Fig. 3 A. As described 
below, photosynthetic DLE curves can seldom be 
described by one first-order process (for review, see 
Lavorel, 1975). 

b. First-order Kinetics of Thermolumines- 
cence (TL) 

When calculating the TL intensity I XL (t), the tempera- 
ture is a linear function of time (T = T 0 + 13 1). If the 
heating rate |3 is constant and a temperature-invariant 
frequency factor s 0 (Eq. 6) is used, the TL equivalent 
of Eq. (10) is (Randall and Wilkins, 1945b) 



cn s 

o 0 

0 



e 





and using Eq. (5b ) instead of Eq. (6) 



( 11 ) 
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The latter expression has been approximated by 
Vass etal. (1981) as 



3. Luminescence Kinetics 

a. First-order Kinetics of Delayed Light Emis- 
sion (DLE) 

A simple theoretical description of TL and DLE 
kinetics in solid states was provided by the study of 
Randall and Wilkins (1945a), who calculated the form 
of a TL peak by assuming that the reaction rate is the 



I TL — AT Exp 
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(13) 



where A = c n 0 s 0 Exp [( s,)c b /p E) T 0 3 Exp(-AH*/k b T 0 )] , 
and s 0 = k b /h Exp( ASVk b ). 

A first-order TL curve (Fig. 3 A) is asymmetric, with 
a slow rising part corresponding mainly to increase 
in k with T, and a steeper decay after the peak. Like 
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Fig. 3. Numerical simulation of a kinetic continuum of activation enthalpy on S 2 Q A recombination. (A) A first-order TL curve with 
AH* = 0.95 eV and AS* = 0.5 J/K (solid line) and heating rate of 0.4 KJs. Second-order TL curves with the same activation parameters 
and with 1 ^= 1 (dashed line) and n 0 = 2 (dotted line; amplitude divided by 2) are shown for comparison. (B) A TL curve expected from 
a continuum of AH* values with the mean of 0.95 eV and standard deviation (SD) of 30 meV (3% of mean). The continuum (Eq. 16, 
upper curve) is simulated as the sum of curves with AH* values representing the mean value ± 0.5, 1 , 1 .5, 2 and 2.5 times SD, and with 
n 0 values calculated from Eq. (15). (C) DLE decay (Eq. 14) simulated at 293 K (solid line) with the same assumptions as in B. The 
dashed line is a fit to Eq. 20b with n = 2 and the dotted line is an exponential fit. (D) The decay of variable fluorescence yield (solid 
line), calculated assuming that the number of filled traps is directly proportional to this yield. The dashed line is a fit to Eq. (20a), and 



DLE curves, photosynthetic TL peaks seldom have 
a pure first-order shape. 

c. Deviations from First-order Behavior in 
Charge Recombination 

A theoretically trivial reason for deviation from first- 
order behavior is that several unrelated reactions may 
contribute to one indicator reaction, DLE or TL, or 
affect the concentration of the luminescence precur- 
sor. In PS II, recent experimental results (Vavilin and 
Vermaas, 2000) support an earlier suggestion (Vass 
and Demeter, 1983) that the charge recombination 
reaction S 2 Q A S ,Q A may occur via multiple routes, 
and that luminescence is produced only by a route in 
which the primary radical pair state is an intermedi- 
ate. A more direct, non-radiative recombination route 
in which an electron tunnels from Q A to P^ 80 but the 
hole transfer (S 2 P 680 -> S,P + 680 ) requires activation, 
has a minor contribution to the overall S 2 Q A recom- 
bination in PS II at room temperature (Rappaport et 
al., 2002). If one luminescence precursor decays via 
several competing classical routes, then each route 
contributes one first-order phase in bothTL and DLE. 



The presence of an activationless route would show 
as a first-order phase in DLE but as non-first-order 
behavior in TL. Effects on the shape, position and 
intensity of the Q band of photosynthetic TL (see 
Vass and Govindjee, 1996, for band designations) 
have been related to the direct recombination route 
(Vavilin and Vermaas, 2000). 

Temperature differences within the sample can also 
cause deviation from theoretical models in TL ex- 
periments. Very complicated kinetics is, in principle, 
also expected in biological electron transfer chains in 
which several electron-sharing equilibria contribute 
to the overall rate of recombination (for review, see 
Lavorel, 1975; and for kinetic models, see deVault et 
al., 1 983; and de Vault and Govindjee, 1 990). A chain 
of reactions may show first-order behavior if the rate- 
limiting step is well defined. For example, the S 2 P 680 
S,P£ 80 equilibrium seems to be rapid compared to 
the overall recombination of S 2 Q A at physiological 
temperatures (Rappaport et al., 2002). 

A widely discussed phenomenon causing deviation 
from first-order kinetics is retrapping , i.e. the refill- 
ing of an empty trap from the repopulated excited 
state. The kinetic effect of retrapping depends on the 
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existence of a delocalized excited state (conduction 
band in solids) that can communicate with several 
traps (Chen, 1984). If an electron in the conduction 
band may end up in several centers or traps (Fig. 
2A), and there are N centers and N traps, then the 
recombination reaction is ofthe second order (Garlick 
and Gibson, 1948). If a conduction band is missing, 
the recombination is trivially of the first order (Chen, 
1984), although activated trap-center complexes 
frequently decompose back to filled traps and empty 
centers (Fig. 2B). 

Second-order DLE decay, obtained if retrapping 
occurs, is a hyperbola, and second-order TL curves 
are more symmetrical than first-order curves (Fig. 
3A). The existence of experimental TL curves with 
symmetry properties between first and second order 
has prompted the concept of so called general-order 
kinetics in which the order of the reaction is fractional 
(Chen, 1984). Although the general-order kinetic 
scheme allows fitting most isolatedTL curves in both 
photosynthesis (Vidyasagar et al., 1993; Thomas et 
al., 1996; Keranen et al., 1998) and solid state phys- 
ics (Vejnovic et al., 1999), the results are very dif- 
ficult to interpret in terms of thermodynamic entities 
(Sunta et al., 1998). General-order kinetics has not 
been applied to analyze DLE decay or fluorescence 
relaxation. Gaussian components have also been used 
in modeling TL bands (Ivanov et al. 2002). However, 
theoretical considerations for this approach were not 
provided and its application is ambiguous. 

In addition to the presence of several different 
reaction paths, there can be differences in the trap 
depth. Randall and Wilkins (1945b) have shown 
that in the absence of retrapping, the decay of filled 
traps is hyperbolic if the distribution of trap depths is 
uniform or exponential; Lavorel et al. (1982) showed 
the same for a ‘square’ distribution which is uniform 
at certain range of energies and zero elsewhere. 
Exponential distribution of rate constants leads to 
hyperbolic kinetics (Lavorel and Dennery, 1982). 
Eq. (14) is a general expression for I DLE , assuming 
that the number of traps with a AG* value between 
U and U + dU, is given by the density function of 
distribution p(U); Eq. (1 4) is obtained by integrating 
the equivalent of Eq. (10) over all AG* values. The 
activation free energy is used in Eq. (14) to allow 
both AH* and AS* be distributed. 
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In photosynthetic recombination reactions, a normal 
distribution of trap depths 



l(U-M ) 2 

P(U)=- r^e 2 ^ 
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(15) 



where p is mean and a is standard deviation, could be 
a reasonable approximation. A numerical simulation 
of Eq. (14) with p(U) taken from Eq. (15) (Fig. 3C) 
shows that the DLE decay curve really fits well to 
the empirical ‘linear -!4 law’ (Lavorel, 1975; Lavorel 
et al., 1982). The corresponding decay of variable 
fluorescence yield, calculated by assuming direct pro- 
portionality between fluorescence [Q a ] /([Q“] + [QJ), 
is very near to a hyperbola (Fig. 3D). Furthermore, 
Fig. 3B shows that the corresponding expression for 
I tl (T), obtained by integrating Eq. (12) over all AG* 
values as shown in Eq. (16) 



cn oK T 

i i(3 




dU 

(16) 



shows a close similarity with a second-order TL curve 
when p(U) is replaced by the probability density 
function of normal distribution (Eq. 15). 

On the other hand, if the exact form of I DLE (t) is 
known, the distribution p(U) can be obtained by not- 
ing that charge pairs with their activation free energy 
between U and U+dU recombine with exponential 
kinetics with rate constant k. The distribution of I DLE 
can be described as 



WO = / c P( k > o e "‘ dk (17) 

0 



and the distribution of the rate constants p(k) can 
be obtained as the Laplace transformation of I(t) 
(Scordino et al., 1996). The distribution function 
p(U) can then be obtained from p(k) by multiplica- 
tion according to Eq. (5b): 



P(U) = p(k)k b T In 



KL 

hk 



(18) 



The significance of retrapping vs . distributed kinet- 
ics can be tested by modulating the ratio of filled to 
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empty traps by applying different intensities of excit- 
ing radiation (Garlick and Gibson, 1948; Townsend et 
al., 1998). In the presence of retrapping, the TL peak 
position shifts to higher temperatures with decreas- 
ing initial population of the trapped state. On the 
contrary, the apparent rate constant of a distribution 
of first-order kinetic phases, or the TL peak position, 
does not change if the initial population of the trapped 
state is varied. The validity of this test requires that 
the probability of filling of a trap does not depend 
on the trap depth. In PS II, excitations of the antenna 
and the primary charge separated state of the reac- 
tion center are in thermal equilibrium (Schatz et al., 
1988), and retrapping through excited Chi might be 
possible as follows: 

{ S V3@A L + { S mQjb i S l/2 Q~A la + { S mQ~A K 

(19) 

where subscripts a and b refer to two different reac- 
tion centers. Retrapping could explain the hyperbolic 
decay of fluorescence yield in the presence of 3- 
(3 ',4 '-dichlorophenyl)- 1 , 1 -dimethylurea (DCMU) 
(Bennoun, 1970; Vass et al., 1999), hyperbolic DLE 
decay (Bennoun, 1970; Lavorel et al., 1982), and 
the second-order like symmetric form of the photo- 
synthetic main TL band especially in the presence 
of DCMU (Vass et al., 1992; Maenpaa et al., 1995; 
Vavilin and Vennaas, 2000). However, direct evidence 
for or against retrapping in PS II is scarce. Townsend 
et al. (1998) saw only slight dependence of the peak 
temperature of the B band on the intensity of the 
exciting flash, but the flash intensity dependence 
of the peak position of the more symmetric Q band 
has not been published. The recombination reaction 
SmQa” S 1/2 Q a seems to have similar characteristics 
in both PS Ila consisting of interconnected PS II 
units and PS II |3 consisting of isolated units (Hideg 
and Demeter, 1 988). Furthermore, cyanobacteria that 
lack grana stacks, and thus also lack extensive energy 
transfer between the reaction centers, may have fairly 
symmetric Q band ofTL (Vass et al., 1 992; Maenpaa 
et al., 1995, Keranen et al., 1998). 

The dashed and dotted lines in Fig. 3A simulate 
TL curves with second-order kinetics, with the typi- 
cal symmetric form, as compared to a first-order TL 
curve (solid line) . These two second-order TL curves 
illustrate a general problem in using second-order 
kinetics to analyze reactions in which the absolute 



concentrations of the reactants are not known. The 
activation parameters used to calculate the two sec- 
ond-order TL curves of Fig. 3A are identical, but the 
dotted-line curve was calculated using a higher initial 
number of recombining charge pairs, and therefore 
it appears to have its peak at a lower temperature. 
Because the initial number of recombining charge 
pairs cannot be determined from a TL or DLE curve, 
activation parameters derived from second-order or 
higher order kinetic traces have little physical sig- 
nificance without additional assumptions. 

Distributed kinetics can also occur in tunneling 
reactions. The probability of tunneling depends on 
the distance between the reactants, and if the mix- 
ing of the reactants is slow compared to a tunneling 
reaction, then the rate ‘constant’ decays with time 
because the reaction itself depletes the system of 
the nearest-to-each-other reactant pairs first (Plonka, 
2000). Consequently, thermally assisted tunneling 
reactions in condensed media often follow hyper- 
bolic or nearly hyperbolic kinetics (Plonka, 2000). 
Hyperbolic kinetics of luminescence decay may 
therefore be caused by a distribution of distances if 
the detrapping occurs by tunneling, or by distribution 
of activation energies (Randall and Wilkins, 1945b) 
or by retrapping (Garlick and Gibson, 1948) in the 
classical case. It is not trivial to distinguish between 
tunneling and a classical reaction. For example, the 
detrapping process leading to thermoluminescence 
in calcite was only recently shown to be a tunneling 
reaction, although the reaction has been studied for 
40 years (de Lima et al., 2001). 

In the discussion above, we have assumed that 
factor c of Eqs. (10-13) remains constant and that 
temperature is the only factor that changes AG* in 
the course of luminescence decay. However, not only 
AG* is sensitive to membrane potential (Wraight and 
Crofts, 1971; forreviews see Malkin, 1977a; and van 
Gorkom, 1996), but also the proportionality factor 
c may depend on membrane potential (Vos and van 
Gorkom, 1988). The constant c is also sensitive to 
factors that affect the fluorescence yield (Fleischman 
and Mayne, 1973; Lavorel et al., 1982), like non- 
photochemical fluorescence quenching (Bilger and 
Schreiber, 1989). Because the membrane potential is 
a function of the number of transmembrane charge 
pairs , it decays in the course of recombination reac- 
tion. 
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III. Variable Chlorophyll Fluorescence 

The quantum yield of Chi a fluorescence in solu- 
tions, is about 20-35% with lifetime about 5 ns (see 
review in Parker and Joyce, 1 967). However, when 
Chi is embedded in the photosynthetic apparatus, 
most of the excitation energy is utilized for driving 
photochemistry. Thus, the quantum yield of Chi a 
fluorescence is decreased to 2-8% with an average 
lifetime of300 ps-2.0ns (Nuijsetal., 1986; Eckert 
et al., 1988; Keuper and Sauer, 1989; Chapter 21, 
Gilmore). At room temperature, fluorescence arises 
mainly from PS II (Duysens and Sweers, 1963; Pail- 
lotin, 1976; for reviews, see Govindjee et al., 1986; 
and Krause and Weis, 1991). The contribution of 
fluorescence from PS I becomes significant only at 
emission wavelengths above 700 nm (Chapters 9, Itoh 
and Sugiura; 21, Gilmore). The fluorescence yield 
increases about five-fold upon illumination, which 
is referred to as the Kautsky effect (see Chapters 11, 
Schreiber; 12, Strasser etal.; 19, Bmce and Vassil’ev; 
and 30, Falkowski et al., for its analysis). 

In dark-adapted state, the fluorescence yield, 
called F 0 , is low, which reflects a high efficiency for 
the utilization of the absorbed light energy for driv- 
ing photochemistry. It is generally accepted that the 
increase of fluorescence yield upon a short pulse of 
illumination reflects the reduction of the electron ac- 
ceptor Q a of PS II (see Govindjee, 1995,forhistorical 
aspects; and Lazar, 1999, for a review). Under these 
conditions, the net reoxidation of Q A , that involves the 
reoxidation of the reduced plastoquinone (PQ) pool, 
limits the rate of electron transport and decreases the 
efficiency of light energy utilization, which in turn 
increases the fraction of the absorbed light energy 
emitted as fluorescence. In intact photosynthetic 
systems, the reduction level of Q A is influenced by a 
large number of factors. These include the redox state 
of electron transport components located beyond Q A , 
as well as the capacity of terminal electron acceptors 
(Calvin-Benson cycle, oxygen etc.). Thus, variable 
Chi a fluorescence yield is a very sensitive indicator of 
the functioning of photosynthetic electron transport. 
The characteristics and interpretation of variable 
fluorescence induced by continuous illumination have 
been covered by a number of reviews (Krause and 
Weis, 1991; Dau, 1994; Lazar, 1999; Chapters 12, 
Strasser et al.; 18, Krause and Jahns). In the present 
chapter we will focus on variable fluorescence yield 
changes induced by short saturating flashes. 

Following flash excitation of dark-adapted photo- 



synthetic material, Q A gets reduced which results in 
the increase of fluorescence yield from F 0 to F m level 
(the maximal fluorescence level). It has been shown 
that a short single turnover flash is not sufficient to 
raise the fluorescence intensity to its true F m level. For 
that a series of flashes or continuous illumination last- 
ing at least 200 ms is needed (Neubauer and Schreiber, 
1987; Kolberetal. 1998; Chapter30, Falkowski etal.). 
Since the time constant of the Pheo -* Q A electron 
transfer step is about 200 ps (see Rutherford, 1989, 
for a review), the fluorescence rise is usually not 
detected when the standard experimental setups are 
used. Q a ~ can be reoxidized by Q B or Q B ~ via forward 
electron transfer, or by charge recombination with 
positively charged donor side components, such as 
the S 2(3) state(s) of the water-oxidizing complex, Tyr- 
Z + or P + 680 (Chapter 8, Shinkarev). The concentration 
of Q a is not directly proportional to the fluorescence 
intensity due to excitation energy transfer among 
neighboring PS II units. This phenomenon can be 
taken into account by the formula of Joliot and Jo- 
liot (1964) (for further discussion, see Chapter 12, 
Strasser et al.). 

After the flash excitation Q A is reoxidized via dif- 
ferent pathways, which is reflected by the multiphasic 
relaxation of the fluorescence yield (Fig. 4 ) (Crofts 
andWraight, 1983; Eaton-Rye and Govindjee, 1988; 
Crofts et al., 1993; Renger et al., 1995; de Wijn and 
van Gorkom, 2001). In normally functioning centers, 
where the Q A reoxidation can proceed via forward 
electron transfer the fast phase, with 200-500 /us 
time constant reflects electron transfer from Q A to 
Qb or Qb> which occupies the Q B site at the time of 
the flash. The reoxidation of Q A by Q B is slower (~ 
500 us) than by Q B (~ 200 /is) (Bowes and Crofts, 
1980; Crofts and Wraight, 1983; de Wijn and van 
Gorkom, 2001). The rate(s) of electron transfer from 
Qa t0 Qb or Qb also depend on the integrity of the 
PS II complex. Typical time constants in intact algal 
cells and thylakoid membranes are in the 300-400 /is 
range (Renger et al., 1 995), whereas in purified PS II 
particles and core complexes, times of 400-600 /is 
and 800-1000 jus are observed, respectively ( Andre - 
asson et al., 1995; Eshagi et al., 2000; see Chapter 
8, Shinkarev, for further discussions on the kinetics 
of PS II reactions.) 

The second phase of fluorescence relaxation, the 
so called middle phase is characterized by a time 
constant of few ms. This component is assigned to the 
reoxidation of Q A by PQ molecules which bind to an 
empty Q B site following the flash excitation, therefore 
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used to fit the experimental traces (Chu et al., 1995; 
Renger et al., 1995). Measurements performed with 
low intensity probing flashes provide high sensitiv- 
ity, which makes possible to record the fluorescence 
relaxation up to 100 s after a single-flash excitation. 
Analysis of these decay curves revealed that they are 
very well described by the 



1(0 = 



(1 + kt) 



(20a) 



hyperbola (Vass et al., 1999). An even better fit can 
be obtained by using the 



ko= 



c i+kty 



(20b) 



Time (s) 

Fig. 4. Relaxation of flash-induced chlorophyll fluorescence yield 
in Synechocystis 6803 cells. The measurements were performed 
in the absence (open symbols) and in the presence of 10 //M 3- 
(3,4-dichlorophenol)-l,l-dimethylurea (closed symbols). 



its time constant reflects the binding time of PQ to the 
empty Q B site (Renger et al., 1 995). The slow phase of 
the relaxation extends into the several seconds range 
(Renger et al., 1995; Vass et al, 1999). This compo- 
nent has been assigned to charge recombination of 
Q a with the S 2 (or S 3 ) state of the water-oxidizing 
complex. In this process, the concentration of Q A _ is 
modulated by the charge equilibrium between the 
Qa Qb and Q a Q b states. Thus, the relative amplitude 
of the slow phase reflects changes in the Q A Q B 
QaQb equilibrium (Renger et al., 1995). 

When PQ binding in the Q B pocket is blocked 
by inhibitors, like DCMU which occupy the Q B 
pocket, the reoxidation of Q A proceeds via charge 
recombination with donor side components. In intact 
PS II centers, this donor component is the S 2 state of 
the water-oxidizing complex, and the characteristic 
time constant of the relaxation is in the range of 
1-2 s (Fig. 4). For a simple recombination reaction, 
one would expect first order kinetics, correspond- 
ing to a single exponential decay. However, it has 
been recognized for a long time that the decay is 
not exponential. Depending on the time window of 
the measurements one to three exponentials were 



expression, with n ~ 2 (I. Vass I and L. Sass, unpub- 
lished). Equations (20a) and (20b) (with n = 2) were 
earlier described by Lavorel (1975) and Lavorel et 
al. (1982) as the Tinear (-1)’ and ‘linear (-A)' decay 
laws and often referred to as ‘t -1 ’ decay (de Lima et 
al., 200 1 ). If n = 1 , Eq. (20b) describes the decay of a 
reactant in a biequimolecular second-order reaction, 
and if n = 2, Eq. (20b) describes the decrease of the 
rate of such a reaction. The recombination reaction 
is, however, not of second order if we assume that the 
substrate, S 2 Q A , is truly monomolecular (see Eq. 1). 
Hyperbolic reoxidation kinetics of Q A in the presence 
of DCMU were also observed by Bennoun (1970, 
1994) who followed the decay of the complemen- 
tary area above the variable fluorescence transient. 
These results demonstrate that the non-exponential 
behavior of charge recombination between Q~ and 
the S 2 states is reflected not only in DLE and TL, but 
also in fluorescence decay. As discussed in Section 
I1.G.3.C, the deviation from the first order kinetics can 
be explained by assuming a continuous distribution 
of trap depth states, which could represent different 
conformational states of the PS II complex. Another 
possibility is that a tunneling mechanism contributes 
to the detrapping and the distances between the redox 
intermediates of PS II are distributed. 

Measurements of the fluorescence relaxation kinet- 
ics have been frequently used to study factors that 
affect the Q A to Q B electron transfer. This approach has 
proven to be very useful to characterize the acceptor 
side effects of bicarbonate (Eaton-Rye and Govindjee, 
1988; Van Rensen et al., 1999), the consequences of 
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point mutations which modify PQ binding at the Q B 
binding side (Crofts etal., 1993), as well as the effects 
of photoinhibition induced by visible or ultraviolet 
light in the function of the Q A Q B acceptor complex 
(Vass et al., 1995, 1999). Interestingly, the reoxida- 
tion of Q a by Q b (Q b ) can be modified not only by 
direct effects on the acceptor side, but also by factors 
which are known to influence the PS II donor side. 
These include depletion of Ca 2+ (Andreasson et al., 
1995 ) and heat-induced inactivation of water oxida- 
tion (Pospisil and Tyystjarvi, 1999). The common 
feature of these treatments is the slowing down of 
relaxation kinetics, indicating that either the binding 
affinity of PQ at the Q B site is decreased, or that the 
redox potential difference between the Q A /Q A and Q B / 
Q b redox pairs is modified. The acceptor-side effects 
of Ca 2+ depletion are related to binding sites whose 
characteristics are different from those involved in the 
donor side function of these cofactors (Andreasson et 
al., 1995). However, it is not yet known whether direct 
acceptor-side effects, or indirect, donor-side mediated 
phenomena are responsible for the alteration of the 
Q a to the Q b electron transport properties. 

When the functioning of the water-oxidizing com- 
plex is inhibited m the presence ofDCMU, Q A recom- 
bines with energetically less stable electron donors, 
such as Tyr-Z + or P + 6m . This leads to the appearance 
of fast decaying components (200-300 /is, 1-5 ms), 
which can be used as a fingerprint to indicate donor 
side damage in intact systems (Chu et al., 1995; Vass 
etal., 1999). 



IV. Delayed Light Emission (DLE) from 
Photosynthetic Systems 

A. Basics of the Phenomenon 

Photosynthetic DLE, also called delayed fluores- 
cence, originates mainly in charge recombination 
reactions of PS I and PS II (for reviews, see Fleis- 
chman and Mayne, 1973; Lavorel, 1975; Malkin, 
1977a,b; Amesz and van Gorkom, 1978; Govindjee 
and Jursinic, 1979; Jursinic, 1986; and van Gorkom, 
1996). The phenomenon was discovered by Strehler 
and Arnold ( 1951). In DLE related to photosynthetic 
electron transfer, the decay of the primary radical 
pair of PS II or PS I via the formation of the excited 
primary donor P* is the ultimate source of delayed 
emission. Equilibration of the excitations between P* 
and near-by Chi molecules occurs before emission. 



Some rapidly decaying DLE is attributed to recom- 
bination of charges created in the antenna system 
itself (Fncekoviak et al., 1993; Christen et al., 2000 ). 
The high intensity and characteristic susceptibility 
for photosynthetic inhibitors distinguish photosyn- 
thetic DLE from more general biophotonic emission 
(Scholz et al., 1988). 

The so-called L relation (Lavorel, 1975) defines 
the intensity of luminescence emission in analogy 
with fluorescence intensity: 



F = c f l 


(21a) 


II 


(21b) 



where F and L are fluorescence and DLE intensity, 
respectively; c f and c L are fluorescence and lumines- 
cence quantum yields, respectively; I is absorbed 
light intensity; and J is the flux of excitons injected 
to the photosynthetic unit by the charge recombina- 
tion reaction. In general, c f and c L are different, but 
c L has a close relationship to c f of open PS II reaction 
centers (F 0 yield). 

The relationship between J and the decay rate of 
a given charge pair is not constant , if the charge pair 
has different relaxation routes. For example, the 
S 2 Q a charge pair can relax at least by electron transfer 
to Q b and by recombination to S,Q A . In this general 
case, DLE is classified as ‘leakage type’ lumines- 
cence. If the luminescence precursor decays mainly 
by the luminescence-producing reaction, then DLE 
is of ‘deactivation type’ (Lavorel, 1975). 

It is customary to speak about ns, ps, ms and sec- 
ond-range DLE, according to the time span of the 
measurement. This arbitrary separation is justified 
by the fact that reactions with time constants less 
than a thousandth of the time between excitation and 
first data point will have negligibly small amplitude, 
unless their initial amplitude is very large. However, 
the assumption that the most rapid part of the decay 
curve can be automatically treated as the tail of a 
reaction that is too fast to be kinetically resolved, 
requires that the kinetic patterns of the slower reac- 
tions are well understood, which is usually not the 
case. Because the slowest charge stabilization pro- 
cesses in photosynthesis have time constants below 
1 ms, submillisecond luminescence appears to be 
mainly of the leakage type, whereas more slowly 
decaying components may represent deactivation 
(Lavorel, 1975). 

Because the AG of the reaction Chl N P* -> Chl N *P 
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is near zero (Schatz et al., 1 988), the emitting species the primary charge separated state, and the ground 

belongs with high probability to the photosynthetic state of the primary donor. The measurement is based 

antenna. The similarity of the emission spectrum of on the finding (Arata and Parson, 1981 ) that under 

second-range DLE from plants and algae with Chi a moderate assumptions, the intensity ratio of delayed 

fluorescence is well documented (see Malkin, 1 977a; emission (I DLE ) to that of prompt emission (I PR0M Fr) 

and Hideg et al., 1989, 1991b, 1992). can be used to calculate the equilibrium constant 

Estimates of the maximum emission yield of de- K eq of the reaction P*^ FA" . and hence the AG° 

layed light range from 10~ 5 to l(F 4 (see the review of between the charge separated state and P*, as follows 

Jursinic 1986; Christen etal., 2000), which is at least (Woodbury and Parson, 1984): 

an order of magnitude less than the yield of prompt 
fluorescence. DLE emission from PS I has a very / kjc 

low yield compared to DLE of PS II (see reviews of T — (22) 

Malkin, 1977a; Jursinic, 1986). PROMPT f 



B. DLE from Photosystem (PS) II 

1. Submicrosecond DLE 

The fastest reactions associated with photosynthetic 
DLE have time constants in the nanosecond range 
(Shuvalov and Klimov, 1976; Christen et al., 2000), 
and it is not straightforward to distinguish between 
prompt and delayed emission (Christen et al., 2000). 
In photosynthetic bacteria, prompt fluorescence has 
been defined as emission occurring during the estab- 
lishment of a kinetic equilibrium between the excited 
state of the reaction center and the (earliest) charge 
separated state. Delayed emission, in turn, occurs 
during the conversion of the charge separated state 
back to the excited primary donor (Ogrodnik et al., 
1999; Turzd et al., 2000). 

An intact primary charge pair decays to P Q A with 
a half-time of 100-200 ps in both photosynthetic 
bacteria (Ogrodnik et al., 1999) and PS II (reviewed 
by Rutherford et al., 1989), and therefore delayed 
emission in the nanosecond range can be observed 
only when the Q A is reduced (Shuvalov and Klimov, 
1976; Sonneveld et al., 1980) or missing. The emis- 
sion decay profiles are complicated, and fitting to 
exponential components requires several phases 
even in the simplest reaction center preparations of 
both photosynthetic bacteria (Woodbury and Parson, 
1984; Ogrodnik et al., 1999) and PS II (Booth et al., 
1990 ). The multiphasicity is explained by the forma- 
tion of the relaxed primary radical pair through a 
manifold of substates with different free energies, or 
with heterogeneity in the free energy of the relaxed 
radical pair state. 

Measurements of prompt and delayed emission 
have been used to measure the standard free energy 
difference ( AG°) between the excited primary donor, 



where <f>, and k ( are the quantum yield and rate 
constant of prompt fluorescence, respectively. The 
results indicate that at 295 K, the primary radical 
pair of Rhodopseudomonas sphaeroides and Rhodo- 
spirillum rubrum is 0.16-0.19 eV below P* in free 
energy with free energy differences of the substates 
of the radical pair in the 0.006 to 0.05 eV range 
(Woodbury and Parson, 1984, 1986). In PS II reac- 
tion center preparation, two substates with AG values 
of 0.1 16 and 0.143 eV were measured (Booth et al., 
1991). The AG values measured in this way depend 
linearly on temperature at low temperatures, indi- 
cating a substantial entropy contribution in AG, but 
non-linear temperature dependencies were observed 
around room temperature (Woodbury and Parson, 
1984; Booth et al., 1990, 1991). 

2. Microsecond and Millisecond DLE 

DLE decaying in the time range from approximately 
1 us to 1 ms has been difficult to relate to charge 
recombination reactions in PS II (see reviews by 
Lavorel, 1975; Govindjee and Jursinic, 1979; and 
Jursinic, 1986). Because stabilization of PS II charge 
separation proceeds to the state Z PQ A in the time 
range of tens of nanoseconds, the precursor of mi- 
crosecond luminescence is expected to be a mixture 
of S n Z + PQ A and S n+1 ZPQ~. However, strong micro- 
second luminescence is observed even in the presence 
of NH 2 OH and DCMU (Bennoun, 1970; Govindjee 
and Jursinic, 1979), although these inhibitors lock 
PS II in the PQ A “ state, blocking millisecond and 
longer-term DLE (Bennoun, 1970). In Tris-washed 
thylakoids, but not in untreated ones, a fast phase 
of microsecond DLE correlates with the time con- 
stants of Pg 80 reduction measured by optical methods 
(Buttner and Babcock, 1984). Electroluminescence 
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studies (Section IVC) suggest that the ‘normal’ mi- 
crosecond luminescence is largely insensitive to the 
membrane potential, and may thus involve unknown 
redox intermediates that do not take part in the linear 
electron flow (Meiburg et al., 1984; for review, see 
van Gorkom, 1996). On the other hand, the amplitude 
of both millisecond DLE (Barbieri et al., 1970 ) and 
microsecond DLE(Zankel, 1971; Bowes etal., 1979) 
show period four oscillation with the number of pre- 
illuminating flashes, suggesting a close relationship 
with PS II back reactions. 

The ms range is of practical importance because 
typical phosphoroscope experiments apply ms-range 
time windows for emission and excitation with a ms- 
range dark delay between them. If the accumulation 
of slower components is carefully minimized (Malkin 
et al., 1994), the decay curve of ms luminescence can 
be measured. Millisecond luminescence responds to 
photosynthetic inhibitors, suggesting that it originates 
in back reactions of the photosynthetic electron 
transfer chain (Mayne, 1967; Wraight and Crofts, 
1971; Goltsev and Yordanov, 1997). Attempts to 
identify precursors of ms DLE and reactions leading 
to its decay have not been very successful, although 
components decaying in a few ms may be interpreted 
to reflect stabilization reactions at the oxidizing side 
of PS II. 

The phosphoroscope method allows the excitation 
light to be used for both charging of the luminescence 
precursors and for changing the light-adaptation state 
of the sample. The DLE induction curves show the 
kinetics of enhancement of recombination reactions 
with the light-induced build-up of the luminescence 
precursors, the transthylakoid proton gradient and 
membrane potential, as well as changes in the 
fluorescence yield. The form of the DLE induction 
curve resembles the Kautsky curve of fluorescence 
induction (Wraight and Crofts, 1971; Satoh and 
Katoh, 1983; Bilger and Schreiber, 1990; Schmidt 
and Schneckenburger, 1995) with a rapid peak fol- 
lowed by a dip or a plateau, and a slow rise to a 
second transient maximum. The rapid rise depends 
on membrane potential and the second maximum 
is sensitive to proton gradient (Wraight and Crofts, 
1971). Both photochemical and non-photochemical 
quenching of Chi fluorescence have been correlated 
with DLE intensity during the induction period 
(Bilger and Schreiber, 1989; Malkin et al., 1994), 
but the relationship between fluorescence yield and 
ms DLE is generally complex. Induction of ms DLE 
responds to heat stress (Yordanov et al., 1987; Bilger 



and Schreiber, 1990) and probably to many other 
stress conditions. A mathematical model suggesting 
a coupling of electron transfer between Q A and Q B 
and the induction kinetics of prompt fluorescence 
and ms DLE was suggested by Goltsev and Yordanov 
(1997). 

In photosynthetic bacteria, DLE measurements 
in the ms range have been used to determine the 
free energy difference between the PQ A , P*Q A and 
P + Q a states (Arata and Parson, 1981; Arata and 
Nishimura, 1983; McPherson et al., 1990; Turzo et 
al., 1998,2000). 

3. Second-minute Range DLE 

In intact PS II, deactivation-type second-range 
DLE is expected to be emitted when P 6 | 0 is formed 
by recombination between the stable electron ac- 
ceptors Q a and Qg and the S 2 and S 3 states of the 
oxygen evolving complex. The conclusion that sec- 
ond-range DLE indeed reflects these recombination 
reactions is based on the sensitivity of the emission 
to photosynthetic effectors like DCMU and to the 
dependence of the luminescence yield on the number 
of preilluminating flashes (Lavergne and Etienne, 
1980; Rutherford and Inoue, 1984; Rutherford et 
al., 1984; Hideg and Demeter, 1985; Wiessner etal., 
1991; Scordino et al., 1996). However, this conclu- 
sion is not universally accepted, since precursors of 
spontaneous and electric-field-induced DLE seem to 
be different (Arnold and Azzi, 1971; see the review 
of van Gorkom, 1996). 

Good fits of the complex kinetics of the long- 
term decay of DLE have been obtained by using Eq. 
(20b) (see Lavorel 1975 for a review; Scordino et 
al., 1996; Ho et al., 1998; Scordino et al., 2000; Fig. 
5). Exponential fits with 1-3 components have also 
been used (Hideg and Demeter, 1985, 1988).Vierke 
(1980) shows that first-order decay curves could in 
some conditions be obtained in Chlorella. Rutherford 
et al. (1984) reported the presence of DLE phases de- 
caying in few seconds, tens-of-seconds and minutes. 
Fitting of DLE decay in autotrophically grown Chla- 
mydobotrys cells in 50 ms-45 s range required three 
exponential components with half-times of 0.3-1, 3 
and 20 s (Wiessner et al. 1 99 1). Miranda and Ducruet 
(1995) found it unreliable to fit DLE decay curves to 
sums of exponential components in leaves. 

Choosing the correct kinetic model for sec- 
ond-range DLE is crucial for the interpretation of 
the results. If the complexity of the kinetics truly 
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Fig. 5. Decay of DLE (labeled as D.L.) in intact cells o iAcetabu- 
laria acetabulum ( squares) in the range of 0. 1 to 40 s after a 3 -ms 
flash plotted on a double logarithmic scale on which a fit to Eq. 
(20b) (line) is a straight line. From Ho et al. (1998). Reprinted 
with a permission from Elsevier Scientific Publishers. 



reflects the decay rates of different intermediates, 
then fitting the data to the sum of as many expo- 
nential components as there are intermediates, may 
give the correct result. For example, the S 2 Q A and 
S 3 Q a states were suggested to have different rate 
constants in DLE decay (Wiessner et al., 1991). 
However, if the kinetic complexity of a DLE decay 
curve results from distributed activation parameters 
(Fig. 3) or from distributed tunneling distances, or if 
retrapping causes the second-order behavior of DLE 
decay (Section II.G.3.c), then treating the curve as a 
sum of exponential components is bound to yield a 
collection of artifactual time constants because the 
half-time of a hyperbolic decay curve increases in 
the course of the reaction. The decay kinetics of the 
luminescence precursor state can also be estimated 
by measuring the effect of the time spent between 
excitation and freezing on TL intensity (Rutherford 
et al., 1984). 

When leaves (Bertsch and Azzi, 1965), algal cells 
(Schmidt and Senger, 1987) or chloroplasts (Hideg 
et al., 1991a) are illuminated with far red light, the 
resulting DLE first decreases monotonically but 
after 10s- 2 min decay, a relative maximum occurs. 
Relative maxima can be induced by white light in 
Scenedesmus cells grown at low carbon supply (Sun- 
dblad et al., 1 986a, b). The first measurements of the 
emission spectrum of the relative maximum were 
interpreted to suggest that it originates in PS I (Desai 



and Ross, 1 985; Schmidt and Senger, 1 987). The rela- 
tive maximum, however, can be inhibited by DCMU 
and by hydroxylamine (Bjorn, 1971; Nakamoto et 
al., 1988), indicating PS II origin; the assignment to 
PS II has been confirmed by measuring the emission 
spectrum in dilute chloroplast samples (Hideg et al., 
1 99 1 a). Inhibition of the relative maximum by antimy- 
cin A and partial inhibition by uncouplers suggest that 
the relative maximum is caused by reverse electron 
flow utilizing parts of the linear electron transfer 
chain and cyclic pathways around PS I (Nakamoto 
et al., 1988). The electrons for the reduction of Q A by 
reverse electron flow may come from ATP hydrolysis 
by chloroplast ATPase (Sundblad et al., 1988). The 
AG (afterglow) thermoluminescence band (Section 
V A) has similar characteristics as the far-red-induced 
relative maximum of DLE. 

C. Stimulation of Luminescence by Electric or 
Magnetic Field 

Both the chemical and electrical part of the membrane 
potential can be experimentally varied to change the 
AG* of recombination reactions. A diffusion potential 
created by adding salts or changing pH (Mayne and 
Clayton, 1966; Miles and Jagendorf, 1969; Barber and 
Kraan, 1969) stimulates DLE from thylakoids, and 
ionophores affect DLE by lowering the membrane po- 
tential (Barber and Kraan, 1969; Jursinicetal., 1978). 
Dramatic stimulation of luminescence is obtained by 
applying an electric field over the thylakoid membrane 
(for review, see van Gorkom, 1996). Arnold and Azzi 
(1971) first described the electric field effect. Modem 
electroluminescence (EL) measurements are done by 
applying a DC electric field pulse of duration t E at 
a well-defined delay t D after flash illumination. EL 
is much stronger in hypotonically swollen thylakoid 
vesicles called blebs than in intact thylakoids or algal 
cells. EL in blebs consists of a R phase decaying in 
100-400 //s after the start of the electric pulse, and 
a slower S phase decaying in a few ms (Ellenson 
and Sauer, 1976; Symons et al., 1984). It was first 
thought that the R phase originates in the bleb wall 
consisting of swollen thylakoid membrane and the 
S phase in thylakoid patches attached to the wall 
(Symons et al., 1984; 1988), but later research has 
shown that most EL originates in the bleb wall (Vos, 
1 990; for review, see van Gorkom, 1 996). Differential 
sensitivity to electron acceptors and electi on transport 
inhibitors, difference in temperature sensitivity and 
spectral characteristics (Symons et al., 1985; 1987) 
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show that the R phase originates in PS I and the S 
phase in PS II. 

Methods developed by Vos and van Gorkom (1988) 
allow PS I and PS II emission to be fully separate 
(Fig. 6), and studies of PS II EL as a function of the 
number of preillumination flashes show oscillation 
as a function of both S-states (Vos et al., 1991) and 
of the redox state of Q B (Hemelrijk and van Gorkom, 
1996). EL of PS II studied at jus resolution revealed 
that the reduction of P£ 80 by Z, mostly occurring in 
the ns time range, takes 20-30 jus in a large fraction 
of PS II centers (de Wijn et al., 2001). 

EL from PS I (the R phase) has a characteristic 
spectrum peaking at 705 nm while PS II EL peaks at 
685 nm (Symons et al., 1987). Not only recombina- 
tion rate but also the emission yield is enhanced by 
electric field in PS I (de Grooth and van Gorkom, 
1981). The intensity of PS I EL is of the same order 
as PS II EL. 

Good correlation of EL data with other methods 
probing the charge recombination reactions in PS II, 
like prompt fluorescence and transient absorption 
spectroscopy (de Grooth and van Gorkom, 1981; Vos 
and van Gorkom, 1988; de Wijn et al., 2001 ) and the 
apparent kinetic simplicity of EL suggest that EL may 
become a standard technique for kinetic characteriza- 
tion of charge stabilization and charge recombination 
reactions in both photosystems. 

Magnetic field stimulates submicrosecond-range 
recombination luminescence by decreasing the triplet 
yield in the recombination of the primary radical pair 
in the bacterium Chromatium minutissimum (Shu- 
valov and Klimov, 1976) and in PS II (Sonneveld et 
al., 1980). Magnetic fields also affect luminescence 
from isolated antenna complexes of photosynthetic 
bacteria (Kingma et al., 1985). In millisecond DLE 
measured from Chlorella , the effect of the magnetic 
field was negligibly small (Stacy et al., 1971). 

D. DLE from PS I 

Although almost all DLE is emitted by PS II, a 
small part is attributed to PS I. The enhancement of 
PS I luminescence by an applied electric field was 
discussed in Section IVC.3. Contrary to early conclu- 
sions, far-red-light induced DLE does not originate 
from PS I (Section IVB.3). 

The decay of the primary radical pair in PS I can be 
observed when the acceptor pool of PS I is reduced 
with dithionite and light treatment, leaving only P 700 
and the primary electron acceptor A 0 in active state. 
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Fig. 6. Electroluminescence signals measured 1 0 ms after a flash, 
demonstrating the signal emitted by both PS 11 and PS I in the 
presence of DCMU (A); PS II alone (B) and PS I (C). Ferricyanide 
keeps P700 in the oxidized state and tetraphenyl boron rereduces 
the donor side of PS II. No electroluminescence is observed in 
the presence of both ferricyanide andtetraphenylboron (D). From 
Vos and van Gorkom (1988). Reprinted with a permission from 
Elsevier Scientific Publishers. 



A magnetic-field-induced 0.15 jus luminescence in 
dithionite-treated PS I particles was associated with 
P 700 Aq recombination (Sonneveld et al., 1981). The 
emission spectrum peaking at 735 nm was correlated 
with the fluorescence spectrum of the same samples 
(Sonneveld et al., 1981). Analysis of the decay-as- 
sociated spectrum of DLE decay in the presence 
of dithionite in a PS II-less Synechocystis mutant 
revealed multiple 680-695 nm components with 
lifetimes ranging from 0.1 to 35 ns. Analogously 
with PS II (Booth etal., 1990, 1991), the decay of the 
primary radical pair Py^A^ occurs through a manifold 
of states (Kleinherenbrink et al., 1994). 

Low-intensity luminescence decaying with a time 
constant of 20 ms was measured in PS I-enriched 
thylakoid fractions in the presence of DCPIP and 
ascorbate, and attributed to recombination between 
Py^ and P^o (F^), and a 0.5 ms component, observed 
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in the presence of dithionite, was assigned to triplet 
decay in PS I (Shuvalov, 1976). Also in DCMU- 
treated thylakoids, ms-range DLE is activated by ad- 
dition of DCPIP and ascorbate (Matorinetal., 1976). 
In membranes of the thermophilic cyanobacterium 
Synechococcus elongatus, DLE from PS I can be 
observed essentially without a PS II contribution if 
the membranes are heated to 70-80 °C (Kaurov et 
al., 1993). The 6-ms DLE measured at 78 °C was 
attributed to the recombination of P; 00 F A . 

E. Phytoluminography 

Imaging DLE intensity in the whole area of a leaf, 
phytoluminography (Sundbom and Bjorn, 1977) 
has been suggested as a method for early detection 
of stress in plants (Ellenson and Amundson, 1982; 
Ellenson 1985). Although the method never became 
popular in stress research, it may have applications 
in high-throughput screening of plants for mutant 
phenotypes. 



V. Thermoluminescence (TL) 

A. The Origin of Photosynthetic Thermolumi- 
nescence Components 

Thermoluminescence is a well-known phenomenon in 
solid states. It can be phenomenologically described 
as emission of light at characteristic temperatures 
from samples which had been exposed to electro- 
magnetic orparticle radiation before they are warmed 
up in the dark (Chen and Kirsh, 1981). 

The basic idea that part of the absorbed light en- 
ergy is stored in the photosynthetic apparatus in long 
lived and remarkably stable trap states has already 
been derived from the earlier observation of DLE 
from chloroplasts by Strehler and Arnold (1951). 
The extension of this analogy led to the discovery 
of photosynthetic TL (Arnold and Sherwood, 1957). 
Later, Arnold (1966) showed the presence of TL in 
intact cells of the green alga Chlorella. These early 
observations were followed by a large number of 
studies that have been covered by extensive reviews 
(Inoue and Shibata, 1982; Inoue, 1983, 1995; Sane 
and Rutherford, 1986; Horvath, 1986; Demeter and 
Govindjee, 1989; Vass and Inoue, 1992; Vass and 
Govindjee, 1996; Ducruet, 2003). 

Following the initial work of William Arnold, the 
relationship of TL and DLE received general sup- 



port (Shuvalov and Litvin, 1969; Malkin, 1977a,b; 
Rutherford et al., 1984; Hideg and Demeter, 1985). 
This correlation was also utilized in the so-called 
temperature jump experiments where the temperature 
of the preilluminated samples was suddenly raised 
thereby inducing delayed light emission (Mar and 
Govindjee, 1971; Jursinic and Govindjee, 1972; 
Malkin and Hardt, 1973). It is also of note that the cor- 
respondence of DLE and TL is not one-to-one. Each 
TL component that arises from thermally stimulated 
energy release has a related DL component. However, 
temperature independent electron tunneling affects 
DLE and TL in different ways, and thus DLE may 
contain components that have no TL counterpart. 
Such DLE components have also been observed 
by Arnold (1977), Amesz and van Gorkom (1978), 
and Govindjee and Jursinic (1979) (for review, see 
Jursinic, 1986). 

The present view of photosynthetic TL from charge 
recombination in PS II is the following: Light-in- 
duced charge separation in the PS II reaction center 
produces the singlet radical pair of *[Pg 80 Pheo“] 
(Details of electron transport in PS II are reviewed 
by Andersson and Styring, 1991; Debus, 1992; 
Diner and Rappaport, 2002). This step is followed 
by sequential stabilization of the separated charges 
forming a pair of oxidized donor (D + ) and reduced 
acceptor (A - ). During this process part of the free 
energy increase, induced by light absorption, is 
lost and stabilizes the separated charge pair against 
recombination. The recombination of the D + A“ pair 
proceeds through intermediate charge stabilization 
states via a series of equilibrium reactions (de Vault 
et al., 1983; de Vault and Govindjee, 1990) until the 
Pg 80 Pheo“ radical pair is formed. The recombination 
of the radical pair results in the formation of singlet 
excited P^ 0 . Light emission from P’ 80 or from the 
coupled antenna system leads to the appearance of 
delayed light. 

The early experiments of William Arnold, which 
were performed using various combinations of filters 
and photomultipliers with different spectral sensitiv- 
ity, already indicated that Chi is involved in absorp- 
tion and emission of the light in the glow curves, 
now referred to as TL curves (Arnold and Sherwood, 
1957). These findings provided strong support for the 
origin of TL from the light energy converting pho- 
tosystems. Identification of PS II as the main source 
of photosynthetic TL was based on experiments with 
electron transport inhibitors (Rubin and Venediktov, 
1969, Desai et al. 1 975), purified preparations (Lurie 
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and Bertsch, 1974; Sane et al. 1977) and mutants 
(Arnold and Azzi, 1968) which contained either PS I 
or PS II. Another important finding was the discovery 
of period-four oscillation in the amplitude of the so 
called B band, which related this TL component to the 
S 2 and S 3 redox states of the water-oxidizing complex 
(Ichikawa et al., 1975; Inoue, 1976). The origin of 
the mainTL bands from PS II is further supported by 
high-resolution measurements of spectral distribution 
of the emitted light (Sonoike et al . , 1 99 1 ) . In contrast 
to the well-established emission of TL from PS II, 
no TL component has been confirmed to originate 
from electron transport processes in PS I. Although 
TL components are also emitted from PS I contain- 
ing membrane particles, these seem to originate 
from energy storage in the antenna pigment system 
(Sonoike et al., 1991; Noguchi et al., 1992) or light 
emission by oxidative chemiluminescence (Hideg 
and Vass, 1993). It is of note that illumination by fai- 
red light, which excites preferentially PS I, induces 
a TL band at around 40-50 °C (Miranda and Du- 
cruet, 1995). However, this component called AG 
(afterglow) band also arises from PS II. FR light 
weakly excites PS II and generates stable S 2 and S 3 
states due to the oxidation of Q B (and the PQ pool) 
via PS I mediated linear electron flow. In addition, 
cyclic electron transport around PS I leads to the 
build up of trans-thylakoidal proton gradient, which 
results in a reversed electron flow towards PS II. The 
recombination of the electrons back-transferred to 
Q B has been proposed to lead to the AG TL band. 
The DLE phenomenon corresponding to the AG TL 
band is discussed in Section IVB.3. The appearance 
of the AG, DLE or TL component can be observed 
only in intact photosynthetic systems and reflects 
photosynthetic metabolism beyond PS II (Janda et 
al., 1999; Roman and Ducruet, 2000). 

Besides the TL components which originate from 
charge recombination in PS II, there are further bands 
at low temperatures, between -250 and -160 °C 
(Noguchi et al., 1992); at -160 °C (Arnold and 
Azzi, 1968; Shuvalov and Litvin, 1969), which are 
unrelated to photosynthetic electron transport and 
arise from energy storage in the pigment assemblies 
of PS II and PS I (Sonoike et al., 1991; Noguchi et 
al., 1992). Other components, which appear at high 
temperatures (in the +50 to +80 °C range) most likely 
arise from oxidative chemiluminescence of protein 
bound pigments (Hideg and Vass, 1993). Recently 
TL peaks appearing at unphysiological temperatures 
( 90 -1 1 0 °C) have been assigned to lipid peroxidation 



(Stallaert et al., 1995). Further, the appearance of the 
high temperature (above 90 °C) TL band has been 
frequently used as a useful indicator of photooxida- 
tive damage (Ducruet andVavilin, 1999; Havaux and 
Niyogi, 1999; Broin et al., 2000). 

TL emission can also be observed from photo- 
synthetic bacteria (Arnold and Thompson, 1956). 
Fleischman (1971) found two TL peaks under aerobic 
conditions, and one peak under anaerobic conditions 
in Rhodopseudomonas viridis. The anaerobic band 
was suggested to arise from the recombination of Pg 60 , 
the oxidized primary donor, with a reduced secondary 
acceptor, probably Q B (see the review of Sane and 
Rutherford, 1986). Govindjee et al. (1977) reported 
a TL band from photosynthetic bacteria, which was 
shown to arise from magnesium protoporphyrin IX, 
a precursor of bacteriochlorophyll. 

B. Probing Photosynthetic Reactions by Ther- 
moluminescence 

The main redox components that participate in TL 
emission are the reduced forms of the Q A and Q B 
quinone electron acceptors, the S 2 and S 3 redox states 
of the water-oxidizing complex and Tyr-D + . For the 
detailed assigmnent of he individual TL components 
seethe review by Vass and Govindjee (1996). Conse- 
quently, TL provides a powerful tool to monitor the 
function and activity of the above redox components 
of PS II in various plant materials. 

One important field of application covers the 
functioning of the Q A and Q B quinone electron accep- 
tors. Various electron transport inhibitors, including 
agriculturally important herbicides like atrazine and 
diuron, block the Q A to Q B electron transfer, which 
result in the conversion of the so-called B band into 
the Q band. Thus, the TL method can be utilized in 
studying the mode of action of different inhibitors 
(Demeter et al. 1982; Vass and Demeter, 1982), 
testing and identifying new chemicals and potential 
herbicides (Asami et al., 1988; Koike et al., 1989), 
as well as characterizing the effects of herbicide 
binding on redox potential of Q A (Krieger-Liszkay 
and Rutherford, 1998). A related area of research is 
the mechanism of resistance against photosynthetic 
herbicides caused by point mutations in the Q B bind- 
ing pocket. These mutations affect not only herbicide 
binding but in many cases also the binding affinity of 
Q B and the energetic stability of Q B . This latter effect 
results in the shift of the B band to lower temperatures 
that can be conveniently studied by TL and can be 
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used to identify and characterize herbicide resistant 
biotypes (Demeter et al., 1985; Etienne et al., 1990; 
Gleiter et al., 1990). 

The participation of the S 2 and S 3 states of the 
water-oxidizing complex in the B band provides an 
easy tool to study S-state turnovers, in particular the 
formation and interconversion of these redox states 
under various conditions which affect the redox cy- 
cling of the S-states (see the reviews of Inoue, 1983; 
Sane and Rutherford, 1 986; Demeter and Govindjee, 
1989; Vass and Inoue, 1992; Vass and Govindjee, 
1996). Thermoluminescence has also been success- 
fully applied for the characterization of isolated PS 11 
complexes of different integrity (Vass et al., 1989; 
Bianchetti et al., 1998; Sugiura and Inoue, 1999; 
Eshagi et al., 2000). 

With the recent development of genetic engineering 
techniques in studying structure-function relation- 
ships of PS II electron transport, various algal and 
cyanobacterial mutants are being constructed in a 
steadily increasing number. TL is especially suitable 
to characterize the function of PS II in such mutants 
since it can be applied in intact cells without the need 
of time consuming and costly isolation procedures. 
This approach was used to study the function of vari- 
ous PS II genes, such as psbO (Burnap and Sherman, 
1991; Vass et al., 1 992), psbH (Mayes etal., 1993), 
psbK (Ikeuchi et al., 1991; Zhang et al., 1993 ),psbY 
(Meetam et al., 1999). In addition, a large number 
of mutations in the D1 or D2 proteins have been 
characterized by TL measurements (Maenpaa et al. 
1993, 1995; Gleiter etal., 1994; Kramer etal., 1994; 
Nixon etal., 1995; DallaChiesa etal., 1996;Adronis 
et al., 1998; O’Connor et al., 1998). 

TL measurements from Synechocystis sp. PCC 
6803 strains with mutations in the D1 protein have 
revealed a whole range of effects on the position 
of the B band. A slight displacement of the B band 
toward the position of the Q band can be seen in 
the N234D/F260S double mutant (Minagawa et al., 
1999). In the A(R225-F239) and A(RR225-V249) 
deletion mutants, the TL band is virtually at the same 
temperature as the Q band of the wild type both in 
the presence and absence of DCMU (Fig. 7; Keranen 
et al., 1998). Interestingly, A(R225-F239) grows au- 
totrophically at the same rate as the wild type (Mulo 
et al., 1997). A downshift of the temperature of the 
main TL band measured in the absence of DCMU 
also accompanies winter acclimation in Scots pine 
(Ivanov et al., 2002), and desiccation in barley leaves 
(Skotnica et al., 2000). 



Since PS II is a sensitive site of the photosyn- 
thetic apparatus that is easily affected by various 
environmental factors, TL has proven a very useful 
method in studying the damaging mechanisms of a 
number of environmental effects. These include the 
mechanism of photoinhibition by visible light (Ohad 
et al., 1988, 1990; Vass et al., 1988 ) and ultraviolet 
radiation (Desai, 1990; Hidegetal., 1993,Turcsanyi 
and Vass, 2000). TL has also been used in studying 
the mode and site of action of heavy metals, like 
Cu 2+ , Co 2+ , Ni 2+ , Zn 2+ (Mohanty et al., 1989; Chapter 
25, Joshi and Mohanty) and acclimation to elevated 
temperatures (Govindjee et al., 1 985) and desiccation 
(Sass et al., 1996; Skotnica, 2000). 

VI. Concluding Remarks 

Flash-induced Chi fluorescence, DLE and TL are 
powerful tools for measuring electron transfer rates 
in PS II and in bacterial systems. Mutations, envi- 
ronmental factors and regulatory phenomena cause 
changes in the electron transfer rates, and reliable 
methods for the measurement are required. Fluo- 
rescence, DLE and TL can offer such methods, but 




Fig. 7. TL glow curves measured from the isolated thylakoids of 
Synechocystis sp. PCC 6803 strains AR (wild-type PS II; solid 
line); PD (an autotrophic mutant with deletion A(R225-F239) 
in the D1 protein; dashed line); PCD (a heterotrophic mutant 
with deletion A(R225-F239) in the D1 protein; dotted line). The 
measurements were done in the absence (A) and in the presence 
(B) of DCMU. From Keranen et al. (1998). 
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they should be used with full understanding of the 
complexity of both the electron transfer phenomena 
and the indicator signals. In particular, we would 
like to warn about assuming first-order kinetics for 
complex kinetic traces. 

In some cases, photosynthetic systems offer the 
unique possibility to combine fluorescence with de- 
layed light emission ( DLE ) and thermoluminescence 
(TL) measurement in order to obtain independent 
simultaneous information about the concentration 
of an essential reactant and the rate of the reaction. 
This possibility has not been used as extensively as it 
could be. Fluorescence also offers the possibility to 
crosscheck both kinetic patterns and numerical values 
of rate constants, obtained with other methods. 

The power of the luminescence methods is mainly 
in their intimate relationship with the thermodynamic 
parameters of the electron transfer reactions. Par- 
ticularly those luminescence methods have proven 
their usability in which the emission is stimulated 
by heating the sample or by applying an external 
electric field. 
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Summary 

Chlorophyll fluorescence imaging provides a powerful, non-invasive tool for investigating leaf photosynthesis 
under natural conditions. Applications of fluorescence imaging in plant research are increasing rapidly, ranging 
from basic discoveries to biotechnology. Fluorescence imaging reveals a wide range of internal leaf charac- 
teristics, including spatial variations due to differences in physiology, development, nutritional state, pigment 
distribution, and morphology, and optical properties. Using distinct chlorophyll fluorescence signatures, imaging 
technology is being used for high throughput mutant screening, as well as early detection of biotic and abiotic 
stresses. In this chapter we describe the technology and methodology used to image chlorophyll fluorescence 
and discuss applications that illustrate advantages offered by imaging analysis. 



I. Introduction 

A. Why Image? 

More than seventy years ago Kautsky and Hirsch 
(1931) moved a plant from darkness into blue light 
and viewed it through a red filter that allowed them 
to observe chlorophyll (CM) fluorescence with their 
eyes. At first the plant gave off a dull red glow, but 
as they watched, the usual static view of a plant 
was replaced by a dynamic image as the red glow 
increased rapidly to a brighter red and then slowly 
decreased (see http://www.life.uiuc.edu/govindjee/ 
movkautsky.html and http://www.greentech.cz/lapi/ 
about/kautsky/index.html). This observation likely 
marks the first kinetic imaging of Chi fluorescence 
from leaves. Beginning with these early experiments, 
measurements of Chi fluorescence emission have 
been highly successful in enhancing our understand- 
ing of photosynthesis, and over the past three decades 
have emerged as one of the most widely used tools 
for monitoring photosynthetic performance in vivo. 
This success is built on a deep understanding of the 



Abbreviations : CCD charge coupled device; Chi - chlorophyll; 
DCMU - 3-(3",4 , -dichlorophenyl)-l,l-dimethylurea; F 0 - fluo- 
rescence emission measured when the primary quinone acceptor 
Q a is oxidized and non-photochemical quenching is inactive; 
F 0 " - fluorescence emission measured when Q A is oxidized and 
non-photochemical quenching is active; F M maximum fluores- 
cence emission measured when Q A and the plastoquinone pool 
are reduced and non-photochemical quenching is inactive ; F M 
- fluorescence emission measured when Q A and plastoquinone 
pool are reduced and non-photochemical quenching is active; 
F s - steady-state fluorescence emission in light; F v - variable 
fluorescence measured in the absence of non-photochemical 
quenching (F v ; F M F 0 ); F v ' - variable fluorescence measured 
when non-photochemical quenching is active (F v ' = F M - F 0 '); 
NPQ - non-photochemical quenching of the excited state of 
chlorophyll; PS II - Photosystem II; Q A - primary quinone ac- 
ceptor of Photosystem II; Qb - secondary quinone acceptor of 
Photo system II 



intimate relationship between Chi fluorescence dy- 
namics and the inner workings of the photosynthetic 
light reactions and photosynthetic carbon reduction 
cycle. Today, the range of photosynthetic processes 
and plant responses that can be monitored by Chi 
fluorescence measurements include the quantum 
efficiency of Photosystem II (PS II), the redox state 
of the primary quinone acceptor (Q A ) of PS II, the 
redox state of the plastoquinone pool, the transitions 
between the S-states of the oxygen evolving complex, 
the rate of steady state linear electron transport, Pho- 
tosystem I (PS I) cyclic electron transport, biotic and 
abiotic stresses, and much more 2 . 

Although efforts to image Clil fluorescence have 
been going on for decades, rapid progress has recently 
been made due to advancements in the technology 
of light emission, imaging detectors, and rapid data 
handling that have allowed modem instrumentation 
to be developed that is effective, simple to use, and 
affordable. Most modern imaging instruments can 
trace their lineage back to the innovative work of 
Omasa et al. (1987) who introduced a detector array 
that captured a two-dimensional image of thousands 
of fluorescence transients from a leaf. The technique 
allows captured fluorescence transients to be ana- 
lyzed individually, or integrated in image segments 
that correspond to individual plants, single leaves, 
selected leaf areas , or cells, yielding detailed informa- 
tion about spatial and kinetic heterogeneity of plant 
activity. The capacity to resolve photosynthetic per- 
formance over the surface of a leaf distinguishes Chi 
fluorescence imaging from integrative methods such 
as gas exchange or non-imaging Chi fluorometry 3 . 

Not surprisingly, the molecular and physiological 
processes that alter the yield of CM fluorescence can 

2 For relation of Chi fluorescence to PS II reactions, see Chap- 
ter 8, Shinkarev. 

3 References to all the early fluorescence imaging measure- 
ments are available in Govindjee and Nedbal (2000). 
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vary over the surface of a leaf, giving rise to spatial 
heterogeneity that can be detected by imaging. Fluo- 
rescence heterogeneity can be caused by external fac- 
tors, such as abiotic stress, or by internal factors, such 
as variations in leaf physiology during development. 
Under such conditions, Chi fluorescence imaging 
provides a non-invasive tool to reveal and understand 
spatial heterogeneity in leaf performance. 

The application of fluorescence imaging in plant 
research is growing rapidly, ranging from basic 
research to high throughput screening in biotechnol- 
ogy. Fluorescence imaging is currently employed to 
visualize photosynthetic heterogeneity caused by 
localized biotic stress (Balachandran et al., 1994; 
Esfeld et al., 1995; Ning et al., 1995; Peterson and 
Aylor, 1995; Scholes and Rolfe, 1996; Bowyer et 
al., 1998; Osmond et al., 1998; Lohaus et al., 2000; 
Nedbal et al., 2000b). Fluorescence imaging is also 
used to reveal local effects of abiotic stress, such as 
the effect of high or low temperatures or drought 
on plant performance (Gibbons and Smille, 1980; 
Omasa et al., 1987; Daley et al., 1989; Ning et al., 
1995; Meyer and Genty, 1999; Osmond etal., 1999b; 
Bartak et al., 2000; Lichtenthaler and Babani, 2000; 
and Chapter 28, Lichtenthaler and Babani). Because 
fluorescence emission is extremely sensitive to non- 
uniform incident light (Ning et al., 1997; Osmond 
etal., 1999a; Chapter 15, Oxborough), fluorescence 
imaging can be used to investigate effects of shading 
in a canopy. The power of fluorescence imaging de- 
rives from its ability to reveal a wide range of internal 
plant characteristics that induce emission heteroge- 
neity, including spatial variations due to differences 
in physiology, the developmental stage (Mott et al., 
1993; Cardon et al., 1994; Genty and Meyer, 1994; 
Siebke and Weis, 1995a, b; Bro etal., 1996; Eckstein 
et al., 1996; Meyer and Genty, 1998; Lichtenthaler 
and Babani, 2000 ), the nutritional state (Heisel et al., 
1996; Langsdorf et al., 2000), pigment distribution, 
and morphology and optical properties (Hoque and 
Remus, 1 994; Takahashi etal., 1994; Lichtenthaler et 
al., 1996; Koizumi et al., 1998). A distinct Chi fluo- 
rescence signature provides a rapid means to screen 
for mutant colonies or mutant plants (Gibbons and 
Smille, 1980; Fenton and Crofts, 1990; Bennoun and 
Beal, 1997;Niyogietal., 1997, 1998; Shikanaietal., 
1998; Peterson and Havir, 2000; Varotto etal., 2000). 
As illustrated by these few examples, C-hl fluorescence 
imaging provides a powerful tool for investigating leaf 
photosynthesis under natural conditions. In addition, 
the fact that Chi fluorescence can be imaged from 
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the molecular level to grasslands, crops, and forests, 
opens the way to scale photosynthetic performance 
from the membrane, to the chloroplast, to the leaf, 
and eventually to the field. 

The aim of this chapter is to describe the technol- 
ogy and methodology used to image Chi fluorescence 
of leaves. Because imaging instruments are equally 
successful at imaging photosynthetic bacteria, algae, 
and whole plants, much of the information contained 
here applies to these systems as well. Interpreting 
fluorescence imaging data requires an understanding 
of how Chi fluorescence measurements are analyzed 
and interpreted. Descriptions of the fundamentals of 
Chi fluorescence can be found in various chapters 
in Govindjee et al., 1986 and elsewhere (Dau, 1994; 
Falkowski and Kolber, 1995; Govindjee, 1995; 
Kramer and Crofts, 1996; Strasseretal., 1998; Lazar, 
1999; Krause and Jahns, 2002; Nedbal and Koblizek, 
2003). Below we first describe imaging instrumenta- 
tion and technology, and then discuss selected appli- 
cations that illustrate advantages offered by imaging 
analysis. Although the examples discussed are few, we 
have included a large number of references to work 
that includes data from Chi fluorescence imaging. 
Fortunately, the field is young and the literature is not 
yet overwhelming. Because imaging instrumentation 
and software are rapidly improving, we discuss the 
technological and biological factors that currently 
limit the usefulness of the technique. Flowever, it 
is fair to say that Chi imaging has come of age, and 
imaging instrumentation can now provide two di- 
mensional maps of Chi fluorescence parameters that 
are comparable to what was done in the past using 
non-imaging Chi fluorometers. 

B.A Case Study 

Instruments for imaging Chi fluorescence over a 
leaf are designed to measure a range of fluorescence 
parameters 4 . Optimally, an instrument designed to 
image Chi fluorescence should provide a map of five 
key fluorescence parameters: F 0 , F 0 ', F M , F M '. and F s 
(see list of abbreviations for definitions). Similar to 
non-imaging pulse amplitude modulation (PAM) 
fluorometers, an imaging fluorometer can be designed 
to control the opening time of the detector, so that it is 
synchronous with the extremely short measuring light 



4 Commercial instruments for imaging Chi fluorescence are 
currently available from P.S.I., (www.psi.cz); Qubit, (www. 
qubitsystem.com; and Walz, (www.walz.com). 
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Fig. 1. (A) Schematic of a chlorophyll imaging instrument showing key elements. The charge coupled device (CCD) camera has a filter 
that passes red and far-red light (X > 690 nm). The camera images fluorescence from a leaf that is exposed to measuring light flashes 
generated by an array of orange 635 nm) light emitting diodes (LEDs). The LEDs also provide continuous actinic light. Brief 

intense light pulses (typically 1 s) for measuring F M and (saturating for plastoquinone reduction) are generated by a 250 W halogen 
lamp equipped with a dichroic mirror that blocks light above 650 nm. Software allows the user to design experimental protocols (e.g., 
illumination regimes). The experimental protocol is executed by the control unit and an intelligent power supply. Software is designed 
so that the user determines the image segments for kinetic analysis (e.g., selected leaf areas, algal colonies, individual plants), data pre- 
sentation and visualization (e.g., images of F 0 , F V '/F M '). (B) Timing diagram showing the synchronous operation of the electronic shutter 
of the CCD camera (top line) with the measuring flashes (middle line). The actinic light is shown schematically in the bottom line. 



pulses (Fig. 1 ). The resolving power of a fluorescence 
imaging instrument is readily shown by monitoring 
inhibition of photosynthesis as a herbicide infiltrates 
a leaf (Daley et al., 1989; Fenton and Crofts, 1990; 
YanaseandAndoh, 1992;Ningetal., 1995; Rolfe and 
Scholes, 1995; Lichtenthaler et al., 1997; Nedbal et 
al., 2000a). Figure 2 shows an example in which an 
African violet leaf (Saintpaulia) was detached and 
its petiole placed in a solution containing DCMU 
(3-(3 ',4 -dichlorophenyl)- 1 , 1 -dimethylurea), a Pho- 
tosystem II (PS II) inhibitor. As the inhibitor infiltrates 
the leaf along its major veins, the fluorescence yield 
F s of the inhibited area increases because the DCMU 
blocks electron flow through PS II by binding to the 
Q b site (Velthuys, 1981). A secondary effect of the 
herbicide is to lower non-photochemical fluorescence 
quenching by blocking the energization of the thyla- 
koid membrane. In this experiment, Chi fluorescence 
was excited using modulated light provided by an 
array of orange light emitting diodes (LEDs) as 
shown in Fig. 1. Actinic light was generated by the 
same light source. A 250 W tungsten-halogen lamp 
provided saturating light pulses. Chi fluorescence was 
detected by a charge coupled device (CCD) camera 
that captured the fluorescence kinetics of a leaf in a 
2-dimensional array of 120,000 detector elements 
(for experimental details, see Nedbal et al., 2000a). 



Figure 2B shows the relative Chi fluorescence yield 
for the area of the leaf infiltrated with DCMU (dia- 
monds) and for the leaf area outside the infiltrated 
region (open circles). The fluorescence was calculated 
by averaging all the data points within the selected 
areas. For purposes of comparison, the data for the 
entire leaf was also averaged (solid circles). Note that 
integration over the entire surface of the leaf, which 
is equivalent to a non-imaging fluorescence measure- 
ment 5 , did not reveal any significant inhibition. This 
example demonstrates the limitation of non-imaging 
instrumentation to reveal inhibition in the case of a 
significant functional heterogeneity. 

Interpretation and analysis of Chi fluorescence 
images is made possible by decades of work based 
on non-imaging Chi fluorescence measurements (re- 
viewed by Dau, 1994; Falkowski and Kolber, 1995; 

5 Non-imaging fluorometry effectively averages the fluorescence 
signal over the area of the leaf illuminated by the measuring light 
(e.g., a light guide). This is equivalent to integrating a correspond- 
ing area of the leaf i n imaging fluorometry ( - X F pixe | ). An 
important limitation of non-imaging fluorometry is the fact that the 
ratio [( F m -F„ )/F M ] non ' unagmg = (2 FmZ- 2 F, pi ,, )/2 F MlP *ei obtained 
by a non-imaging instrument, and the ratio [ ( F M — F f) )/F M ] ,ma s in -« = 
2 [( Fm . pixel F o.ptxci )/F m . pixel] obtained by an imaging instrument, are 
not identical unless the signal is homogenous over the selected 
leaf area (Genty and Meyer, 1994; Siebke and Weiss, 1995a; 
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Fig. 2. (A) Images of chlorophyll fluorescence showing F 0 , F M , F s , and F N ' for an African violet leaf ( Saintpaulia ) infiltrated by the 
Photosystem II inhibitor DCMU (top row). The bottom row shows the ratios F V /F M (= (F M - F 0 )/F M ,), R fa (= (F M - F S )/F M ), O psii (= (F^ 
- F s )/F n '), and NPQ (= (F M -F^)/F^) calculated pixel-by-pixel using the data in the top row. The numerical values shown to the left of the 
rows are color-coded using a red (high level) to blue (low level) color scale (for color images see Color Plate 4, Fig. 1 ). Further details 
are given in the text and in Nedbal et al. (2000). (B) Kinetics of the chlorophyll fluorescence emission from an African violet leaf par- 
tially infiltrated by DCMU (see abbreviations list) calculated from the images shown in Fig. 2 A. The numerical values in Fig. 2B were 
obtained by integration over: the area infiltrated by DCMU (O), the area not affected by DCMU ( Active , O); and the entire surface of the 
leaf ( Average , •). The fluorescence was measured first for the dark-adapted leaf (F 0 ). Then the leaf was illuminated by a 1 second pulse 
of high intensity light (3000 pmol(photons) m 2 s ') for determination of the maximum fluorescence F M . After a dark relaxation period, 
the leaf was illuminated by continuous actinic light (300 pmol( photons) m 2 s ') starting at t = 13 s. The steady state fluorescence F s was 
measured at t = 43 s, then a second pulse of saturating light was given to determine the maximum fluorescence of the light-adapted leaf 
(F N '). A detailed description of the experimental protocol is given in Nedbal et al. (2000). (C) Histograms calculated from the images 
of F v /F m , R ra , and non-photochemical quenching NPQ (see abbreviations list). Histograms show the relative frequency of pixels versus 
the calculated value of the respective fluorescence ratio. Further details are given in the text. The DCMU infiltrated areas were defined 
by pixels with a NPQ below 0.2, whereas the active areas were defined by pixels with NPQ greater than 0.9. 



Govindjee, 1995; Kramer and Crofts, 1996;Strasseret 
al., 1998; Lazar, 1999; Krause and Jahns, 2002; Ned- 
bal and Koblizek, 2003). The early studies revealed the 
mechanistic relationship between Chi fluorescence 
and photosynthesis and established useful relation- 
ships for estimating rates and efficiencies. One of the 
most frequently used relationships is the ratio F V /F M 



= (F m - F 0 )/F m , which is proportional to the maximum 
quantum yield of Photosystem II photochemistry 
(Chapters 1 1, Schreiber; 12, Strasser et al.; and 18, 
Krause and Jahns). An image of F V /F M (bottom row, 
Fig. 2A) is calculated for each pixel using the F M and 
F 0 images shown in the top row of the figure. Other 
relationships commonly used in assessing photo- 
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synthetic performance by kinetic imaging include 
the fluorescence decrease ratio R Fd = (F M - F S )/F M 
(Ning et al., 1995; Lichtenthaler and Miehe, 1997; 
Chapter 28, Lichthenthaler and Babani), the apparent 
quantum efficiency of PS II in a light exposed leaf 
<|)p S „ = (F^- F s )/ F m (Genty and Meyer, 1994), and 
the Stern- Volmer non-photochemical quenching ratio 
NPQ = (F M - F^/F m (Bilger and Bjorkman, 1990; 
Chapter 20, Golan et al.). The choice of the fluores- 
cence parameter or relationship to focus on depends 
on the physiological and experimental conditions. 
In some cases, histograms that plot the numbers of 
pixels with fluorescence value in a selected range are 
an effective way to reveal significant heterogeneity. 
Fig. 2C shows histograms of the fluorescence ratios: 
NPQ (see above ), F V /F M , and R Fd . Note that for F V /F M 
nearly all pixels are in the range of 0.820 ± 0.0 1 5. In 
contrast, the histograms of NPQ and of R Fd exhibit a 
notable heterogeneity, providing a clear distinction 
between active and inhibited areas of the leaf. 



II. Imaging Technology and Techniques 

Imaging Chi fluorescence depends on four basic 
processes: (1 ) image capture: illumination, data cap- 
ture, digitalization, and data transfer to a computer; 
(2) image segmentation: use of selection tools to 
define relevant areas or structures for analysis; (3) 
analysis: calculation of fluorescence parameters and 
kinetics for each of the image segments, and (4) data 
visualization. The basic imaging hardware consists 
of light sources, an imaging detector, a control unit, 
a power supply, and a computer (Fig. 1). The compo- 
nents that determine image quality and system cost 
are the light sources and the detectors (discussed in 
Sections II. A. and H.B.). The software that drives 
the instrumentation and analysis, and serves as the 
interface between the user and the instrument, is a 
critical factor in determining the usefulness of an 
imaging fluorometer. The software must provide 
data handling routines that allow the user to readily 
visualize images and to divide images into selected 
areas based on calculated fluorescence parameters. 
These operations require calculations of parameters 
over selected regions that depend on pixel-by-pixel 
arithmetic operations (discussed in Section II.C). 
In addition, the software must enable the user to 
design sophisticated experimental protocols that 
control light sources and image capture sequences 
(discussed in Section II.D). Some of the important 



factors that currently limit imaging fluorometers 
are discussed in Section II.E. In general it can be 
said that the quality of imaging instruments used in 
plant research is limited by cost versus performance 
considerations (high-end imaging instruments are 
extremely expensive). Finally, we discuss problems 
imposed by the use of two-dimensional fluorescence 
images in leaves where the fluorescence signals are 
significantly influenced by absorption, re-absorption 
of fluorescence, and scattering (Section II.F). 

A. Light Sources 

1. Continuous Light Sources 

Early imaging instruments used a single, high-in- 
tensity continuous light source that served to drive 
photochemistry and to excite the fluorescence emis- 
sion captured by the imaging detector (Omasa et al., 
1987; Daley et al., 1989; Ning et al., 1995; Siebke 
and Weis, 1995a). This design offers the advantage 
of a relatively intense fluorescence signal, which 
improves the signal to noise ratio, but creates fluo- 
rescence transients that are too fast to be captured 
by a CCD camera. A typical CCD camera captures 
about 25 images/second. The problem is that dur- 
ing the long integration period (typically 20 ms), 
PS II turns over several times in high light, which 
increases the fluorescence level, making it impossible 
to determine F 0 . While accurate values of F 0 can be 
determined by lowering the intensity of the actinic 
light, the subsequent fluorescence transient falls 
short of the maximum fluorescence level F M . This 
problem can be overcome by using a continuous light 
source, that is controlled to provide low irradiance to 
determine F 0 , and saturating irradiance to determine 
F m (e.g., Oxborough and Baker, 1997b and Baker et 
al., 2001; Chapters 3, Baker and Oxborough; and 
15, Oxborough). However, the fluorescence signals 
must be normalized using a long exposure time for 
measurements of F 0 , and a short exposure time for 
measurements of F M . Oxborough and Baker (1997b) 
accomplished this by keeping the number of incident 
photons constant during each exposure and image 
integration period. A similar approach was used 
earlier (Genty and Meyer, 1994) to measure F s and 
F(, fluorescence levels in leaves of Phaseolus vulgaris 
and Xanthium strumarium. 

In some applications a continuous light source 
is adequate. For example, microscopic imaging of 
steady state fluorescence parameters can be done 
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using a continuous laser source (Hoque and Remus, 
1994; Gunning and Schwartz, 1999; Mehta et al., 
1999; Vacha et al., 2000). Moya et al. (1998) used 
sunlight to excite fluorescence in leaves, but did not 
attempt to capture images. They distinguished the 
fluorescence signal from scattered sunlight by using 
the dark Fraunhofer lines of the solar spectrum at 
687 and 760 mu. 

2. Modulated Light Sources 

A major advance in non-imaging fluorometry was the 
introduction of modulated measuring light sources, 
which greatly enhanced the dynamic range of Chi 
fluorescence measurements over a wide range of 
actinic light intensities (Schreiber et al., 1986; and 
Chapter 11, Schreiber). The first use of modulated 
light excitation for imaging Chi fluorescence from 
a leaf used flashes produced by a xenon lamp (Fen- 
ton and Crofts, 1990). Today light-emitting diodes 
(LEDs) offer a more versatile modulated light source. 
In contrast to discharge flash-lamps, the duration of 
the flashes from LEDs can be controlled down to 
the sub-microsecond range and light levels can be 
controlled from low light to instantaneous irradiance 
exceeding sun light by as much as two orders of 
magnitude (Nedbal etal., 1999). Current technology 
offers very powerful red and orange diodes, and the 
emission range is rapidly expanding towards blue and 
ultraviolet bands. Flashing panels of light emitting 
diodes were used to capture fluorescence images of 
plants in Nedbal etal. (2000a, b). The short measuring 
flashes from LEDs allow an accurate determination 
of F 0 images, which to our knowledge cannot be ac- 
complished by any other imaging technology (for a 
discussion, see Bowyer etal., 1998). Sub-millisecond 
LED flashes have also been used to capture images of 
delayed fluorescence 6 from algal cultures (Bennoun 
and Beal, 1997). 

Although it is technically challenging, modulated 
measuring light can be used to measure fluorescence 
signals of leaves in direct sunlight under field condi- 
tions. Fluorescence imaging of leaves in sunlight is 
difficult because the solar spectrum overlaps the Chi 
emission spectrum. Sunlight and Chi fluorescence can 
be separated using for excitation intense flashes in 
an expanded beam from Raman shifted, tripled-fre- 
quency Nd-YAG laser at 397 nm (Edner et al., 1 994; 



6 Also referred to as delayed light emission. See Chapter 13, 
Tyystjarvi and Vass, for details. 
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Johansson et al., 1996) or from tripled-frequency 
Nd-YAG laser pulsing at 355 nm (Lichtenthaler and 
Miehe, 1997; Buschmann and Lichtenthaler, 1998). 
This technique is known as multi-color imaging 
because in addition to imaging Chi fluorescence, the 
Nd-YAG laser driven instruments detect emission in 
the blue and green spectral region ( Buschmann et al., 
2000). Recently modulated laser beams have been 
used to image Chi fluorescence lifetimes. Holub et 
al. (2000) used a laser beam modulated at 80 MFIz 
to image Chi fluorescence lifetimes of leaves and 
individual cells of maize, Ambidopsis, and cells of 
Chlamydomonas reinhardtii. Microscopic images 
of Chi fluorescence lifetimes of green microalgae 
have been recorded using picosecond laser flashes 
by Konig et al. (1998). 

B. Detectors 

Although fluorescence images of plants can be cap- 
tured by conventional photography, the analysis is 
limited to static images (Bjorn and Forsberg, 1979; 
Gibbons and Smille, 1980;YanaseandAndoh, 1992; 
Jensen and Siebke, 1 997). This has changed with the 
introduction of CCD cameras, which provide dynamic 
images of Chi fluorescence that can be digitized and 
transferred to a computer. CCD cameras operate by 
capturing light in a two-dimensional array of pho- 
tosensitive sites that are associated with the pixels 
(picture elements) of the final image. A typical CCD 
camera consists of an orthogonal array (hexagonal 
arrays have become available recently) of 700 x 400 
elements . The working cycle of a CCD camera begins 
by conversion of photons into charge pairs at the Si- 
Si0 2 interface of the photosensitive sites . For red light 
the quantum yield of the conversion process is about 
40% in front-illuminated CCD chips, and nearly 90% 
in back-illuminated CCD chips. The signal-to-noise 
ratio is limited by the number of photons incident on 
each site, during the integration time. The number of 
photoelectrons can be increased by lengthening the 
integration time, which in a typical low cost CCD 
video camera is maximally in the range of tens of 
milliseconds (Daley, 1995). The integration time can 
be lengthened even further to improve imaging of 
low intensity signals ( Oxborough and Baker, 1997b). 
However, unless the CCD chip is cooled, the long in- 
tegration times result in accumulation of a significant 
dark signal (Bennoun and Beal, 1997; Oxborough 
and Baker, 1997b). The dark signal problem can be 
overcome by operating the CCD chip at a very short 
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integration time (a few microseconds) (N edbal et al . , 
2000a; K upper et al., 2000). However, this requires 
highly sensitivity chips to accumulate sufficient 
charge during the brief integration time. 

Charge coupled device chips are analog devices 
that operate by integrating the incoming light signal 
simultaneously at each photosensitive site. The num- 
ber of electric charges at each site is proportional to 
the number of photons incident on the site during the 
integration period. The charge stored at each site must 
be read and recorded. In contrast to image capture, 
the photosensitive sites are read in series by shifting 
the charge between neighboring sites towards a read- 
out register. Serial transfer and reading is a relatively 
slow process and adds read-out noise to the signal. 
Reading time is the limiting factor in the frequency at 
which a CCD camera can capture images. Low cost 
CCD cameras are limited to capture rates of about 25 
full frames per second. More expensive progressive 
scan CCD chips can work faster by reading selected 
lines of pixels instead of full frames, thus increasing 
the imaging capture rate. The image capture rate can 
be increased by the use of CMOS (Complementary 
Metal Oxide Semiconductor) array detectors, which 
are designed to read each photosensitive site indepen- 
dently, obviating the need to transfer electrons from 
one site to another. CMOS technology has the added 
advantages of lower production costs and the chips 
can be designed to allow each photosensitive site to 
be directly connected to other electronic components. 
However, the sensitivity of CMOS detectors has been, 
until recently, significantly lower than CCD chips, 
which limited their usefulness for Chi fluorescence 
imaging applications. 

Adding an image intensifier can increase the sensi- 
tivity of imaging CCD cameras, similar to those used 
in night vision devices. An image intensifier depends 
on a microchannel plate in which photoelectrons are 
multiplied in each channel (analogous to signal am- 
plification in a photomultiplier). At the end of each 
channel, photoelectrons strike a phosphorus layer, 
resulting in a light flash that is detected by a CCD 
chip. This technique has been successfully used for 
microimaging (Takahashi et al., 1994; Konig et al., 
1998 ) and for rapid image capture in synchrony with 
the rapidly modulated excitation light (Holub et al., 
2000). Image intensifiers, gated at 20 ns intervals, 
have been also used to eliminate the background 
signal originating from sunlight in multi-color fluo- 
rescence imaging applications (Edner et al., 1994; 
Johansson et al., 1996; Lichtenthaler and Miehe, 



1997; Buschmann and Lichtenthaler, 1998). Konig et 
al. ( 1 998) used image intensification to achieve ultra- 
fast image capture based on 200 ps gating times. 

In another novel application, Simon-Blecher et 
al. (1996) combined a CCD camera with an inter- 
ferometer to obtain spectrally resolved fluorescence 
images. This system would be usefiil when spectral 
differences are expected due to differences in pigment 
concentration, such as in algal and cyanobacterial 
communities growing on ocean corals. 

C. Data Handling 

Willard Boyle and George Smith originally developed 
the CCD chip at Bell Labs in 1969 for computer 
data storage. In 1974, Fairchild Electronics used 
the chip to produce the first imaging CCD camera. 
The information stored at each photosensitive site 
in a chip typically consists of tens of thousands of 
electrons, representing up to a 16 bit number, or 
65,536 levels. However, depending on the digitization 
process, the actual read-out resolution is typically a 
12 or 8 bit number, representing 4096 levels, or 256 
levels, respectively. A hallmark of imaging analysis 
is the enormous amount of information that must be 
transferred and stored. Images captured by CCD chip 
with 700 x 400 photosensitive sites, at a frequency 
of 25 images/s and digitized at 8-bit resolution, 
fills 7 megabytes of computer memory per second. 
Instruments that operate at a higher resolution, or 
include additional spectral information (Edner et 
al., 1994; Johansson et al., 1996; Lichtenthaler and 
Miehe, 1997; Buschmann and Lichtenthaler, 1998) 
are even more demanding on information transfer 
technology. 

Fluorescence images are stored in the computer in 
data fields that represent all photosensitive CCD ele- 
ments for each image captured during a measurement. 
After storage, software tools are used to divide the 
information into useful image segments . For example, 
data may be segmented based on a fluorescence 
signature, such as DCMU-inhibited or fully active 
regions as shown in Fig. 2A. The user may select 
individual bacterial or algal colonies, or individual 
plants for mutant screening (Gibbons and Smille, 
1980; Fenton and Crofts, 1990; Bennoun and Beal, 
1997;Niyogietal., 1997, 1998; Shikanaietal., 1998; 
Peterson and Havir, 2000; Varotto et al., 2000; also 
see Chapter 20, Golan et al.,). In precision farming, 
segmentation tools are being developed to distinguish 
between crop and weed plants by combining informa- 
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tion on fluorescence emission with plant topology. 
Segmentation can be done manually or automatically 
(for example, based on highly contrasting features in 
neighboring segments as shown for non-photochemi- 
cal quenching in Fig. 2A). Once data segmentation 
has been completed, all the pixels within a selected 
region are integrated to give an average value at any 
given time. These average values are then used to plot 
characteristic fluorescence parameters as a function 
of time. For example, integration of fluorescence 
signals over an area with low non-photochemical 
quenching (Fig. 2A) revealed which regions of the 
leaf were inhibited, and provided the quantitative 
data used for plotting fluorescence emission due to 
DCMU inhibition (Fig. 2B ). 

The last step in fluorescence imaging is data 
presentation in a format that allows visualization 
of the fluorescence parameters of interest. This is a 
challenging task that depends on the resolution of 
the instrument, software design, and limitations im- 
posed by the human eye (the average person can dis- 
criminate about 200 levels of gray, which is less than 
8-bit resolution). A common technique to enhance 
contrast is to use the visible spectrum of sunlight as 
a scale, in which blue represents the lowest signals 
and red represents the highest signals (the spectrum 
is typically divided into 256 levels (e.g., Fig. 2A, top 
row). However, when the signal of interest spans a 
small fraction of the 256 levels available in an 8-bit 
resolution instrument the differences are difficult to 
see (e.g., see the histogram of F V /F M shown in Fig. 
2C). The contrast can be increased by re-scaling the 
colors, so that blue-to-red spectrum is used to cover 
a small range of the entire parameter range. However, 
rescaling means that images using different color 
scales cannot be compared. Another technique to 
enhance visual perception of imaged data is to use 
3-dimensional presentations, in which signal levels 
are indicated not only by the blue-red spectral colors, 
but also by the height of each element (Fig. 3). 

D. Experimental Protocols 

In many applications, the experimental protocols de- 
veloped for non-imaging fluorometry can be adapted 
to imaging fluorometers with little modification. An 
example is the protocol for measuring fluorescence 
levels in saturating light (F M , FJ, which was adapted 
to imaging fluorometry (Balachandran et al., 1994; 
Rolfe and Scholes, 1995; Oxborough and Baker, 
1997b; Osmond et al., 1998), yielding two-dimen- 



sional maps of Stem-Volmer non-photochemical 
quenching NPQ = (F M - F^)/F M . When combined 
with measurements of steady-state fluorescence for 
light -adapted leaves (F s ), the maximum fluorescence 
measurements (F^) can be used to estimate the ap- 
parent quantum efficiency of Photosystem II <j)p S n 
= (F m - F s )/F m . The apparent quantum efficiency 
of PS II ( (|) ps „) can be used to map estimates of the 
instantaneous quantum yield of CO, fixation over the 
surface of a leaf (Genty and Meyer, 1994; Rolfe and 
Scholes, 1995; Siebke and Weis, 1995a; Oxborough 
and Baker, 1997b; Baker et al., 2001). It should be 
noted that to map the rate of C0 2 fixation over the 
surface of a leaf, the quantum yield determined by 
fluorescence must be multiplied by the absorbed 
light energy (Krall and Edwards, 1992). A method 
for estimating absorbed light energy using imaging 
technology is discussed in Section II.F. 

However, for other applications, developing 
protocols for imaging Chi fluorescence parameters 
presents unique challenges. For example, there are 
technical limitations associated with imaging the 
relatively low levels of F 0 and of F,' (discussed by 
Bowyer et al., 1 998). Another problem is the difficulty 
of generating light pulses that are saturating over the 
entire sample surface, which is necessary to map F M 
and F(, (discussed in Section II.E). Several strategies 
have been developed to overcome these limitations. 
For example, F M has been approximated by the peak 
fluorescence, F p measured inhigh, but sub-saturating, 
actinic light (Balachandran et al., 1994; Ning et al., 
1995, 1997).Ningetal. (1995) substituted the steady- 
state fluorescence level measured in low intensity 
actinic light (F s ) for F 0 in calculating fluorescence 
parameters. Fenton and Crofts (1990 ) approximated 
F 0 by using the initial fluorescence level measured 
during the first integration period in a moderately 
intense actinic light. In some applications, a fixed 
ratio between F M and either F 0 or F 0 ' was assumed in 
order to estimate the non-photochemical quenching 
coefficient q N . Examples include: q N = (F M - F^/0.8F M 
(Daley et al., 1989), q N - (F M - FJ/0.775F M (Siebke 
and Weis, 1995a), and q N « (F M - F S )/0.8F M (Cardon 
et al., 1994). In some applications, quantitative 
values were determined by parallel measurements 
of imaging and non-imaging fluorometry (Daley et 
al., 1989; Peterson and Ay lor, 1995; Shikanai et al., 
1998; Peterson and Havir, 2000). 

In many applications, such as screening for mutants 
or identifying infected leaf areas, qualitative measure- 
ments are sufficient for selection decisions. Images 
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Fig. 3. Three-dimensional visualization of signals imaged by a CCD camera. The two-dimensional image is represented by the x-y 
axes and the signal amplitude is represented by the z-axis. A red-blue color scale (for color images see Color Plate 4, Fig. 2) is used 
to enhance visual perception, with high signals shown in red (maximum 255) and low signals in blue (minimum 0). (A) Fluorescence 
signal of a plastic sheet containing a uniformly distributed fluorescent dye (Nile Blue) illuminated by dilTuse homogenous light. The 
non-uniformity of the image is due to the close proximity of the camera objective lens, which is located 9 cm above the Nile Blue sheet. 
(B) Fluorescence signal emitted by the Nile Blue sheet excited by measuring flashes from an array of orange light emitting diodes (X nuix 
= 635 nm). The non-uniformity of the signal is due to the camera optics (shown in Fig. 2A) and non-uniformity of the measuring light 
field. (C) Fluorescence signal emitted by the Nile Blue sheet excited by an intense pulse of light from a 250 W halogen lamp (3000 
pmol(photons) nr 2 s _l ) The non-uniformity of the signal is due to the combined effect of the camera optics and inhomogeneity of the 
actinic light field. (D) Scattered light signal from a leaf ( Hedera ) placed on white paper that was illuminated by the orange LED array. 
Scattered light was selected by placing an orange filter in front of the camera. The low signal in the center of the image is due to light 
absorption by the leaf. ( D) Image of the fluorescence signal emitted by the leaf excited by the orange LED array. Fluorescent light was 
selected by placing a red filter in front of the camera that passed 695 750 nm light. The camera sensitivity was adjusted to provide 
similar signal amplitude in each experiment. Further details are given in the text. 



of the fluorescence decrease ratio, R Kd = (F M - F S )/F M 
(Lichtenthaler and Miehe, 1997; Lichtenthaler and 
Babani, 2000), or Y'= (F M - F S )/F M , an empirical 
estimate of the quantum yield (Ning et al., 1 995 ), can 
be used to identify local effects of biotic or abiotic 
stress without having to determine F 0 and F 0 ' . Peterson 
and Havir (2000) screened for Arabidopsis mutants 
deficient in non-photochemical quenching using an 
empirical imaging parameter that compared steady- 
state fluorescence of seedlings measured in air, and 
in CO,-free air containing 5% 0 2 . 

With the development of more advanced instru- 
mentation and new theoretical approaches, accurate 
quantitative determinations are now becoming avail- 
able for Chi fluorescence parameters that have been, 
until recently, beyond most imaging applications. 
Among the critical parameters required for robust 
quantitative analysis are F () and F,j. Oxborough and 
Baker (1997a) developed a model to calculate the 
FJ image based on measured images of F 0 , F M , and 



ofF^. Oxborough and Baker ( 1997b) and Nedbal et 
al. (2000a) have both constructed instruments that 
can image low F 0 fluorescence levels. The imaging 
fluorometers described in Nedbal et al. (2000a) and 
in Kiipper et al. (2000) are conceptually similar to 
the pulse-amplitude-modulated ( PAM ) fluorescence 
technique that is commonly used in non-imaging 
experiments. The introduction of modulated-light 
imaging allows analysis based on fluorescence 
relationships, including F 0 , that greatly increases 
the usefulness of imaging fluorometry for basic 
research as well as for applications in biotechnol- 
ogy. An example is in imaging of Chi fluorescence 
from ripening lemons (Nedbal et al., 2000b). It was 
found that the most useful parameter to distinguish 
between mold-infected and healthy lemon peel is the 
ratio F 0 /F v . Analysis of Brassica leaves exposed to 
destruxins showed that images of F 0 /F v also provided 
a high contrast between infected and healthy leaf 
areas (Soukupova et al., 2003). 
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Recently, technology has been developed that en- 
ables imaging of fluorescence lifetimes using rapidly 
modulated laser light and imaging detectors (Konig 
et al., 1998; Holub et al., 2000). The introduction of 
a new generation of microchannel-plate photomul- 
tiplier detectors should advance the sensitivity and 
time resolution of fluorescence lifetime imaging 
instruments (Kemnitz etal., 1997). 

E. Technical Limitations 

Although the performance gap between imaging and 
non-imaging fluorometers is narrowing due mainly 
to improved light sources and detectors, significant 
limitations remain. One of the major technical chal- 
lenges is producing a uniform light field over a large 
sample area at a reasonable cost. Heterogeneity in 
measuring and actinic light fields can compromise 
data interpretation and is especially important for 
applications that require quantitative analysis. In 
some cases, measuring irradiance heterogeneity can 
be overcome by limiting analysis to the ratios of two 
fluorescence images, e.g., (F M -F M ')/F M . However, 
this approach does not correct for the unavoidable 
variation in kinetics induced by heterogeneous ac- 
tinic irradiance. The best solution is to design a light 
system that provides uniform measuring and actinic 
light fields. However, because of technical limitations 
and increased costs, it is difficult to provide saturat- 
ing light over a large area. As a consequence, most 
imaging measurements of the maximum fluorescence 
(F m or F m ) have been limited to relatively small areas . 
Mapping F M images of a leaf requires light intensi- 
ties of 2,000 to 10,000 umol photons/m 2 s that must 
be sustained for about a second. An approximate 
calculation based on black body radiation indicates 
that an ideal 500 W incandescent lamp, operating at 
5,000 K, would provide a maximum of 2,200 pmol 
photons/m 2 s of photosynthetically active radiation 
over a 42 x 42 cm square. In practice, the actual 
intensity would be lower because the efficiency of 
the lamp and collecting optics are far from ideal. In 
addition, it is difficult to project incandescent light 
uniformly over a large area. To achieve the largest 
possible area of saturating light for a given source, the 
light field should be as uniform as possible, so that hot 
spots (light intensities that exceed saturation) or cold 
spots (light intensities below saturation) are avoided. 
In practice, photon fluxes used for F M imaging have 
ranged from 0.228 umol photons/s (Daley etal., 1 989) 



to 4.5 pmol photons/s (Genty and Meyer, 1994 and 
Nedbal et al., 2000a). These low flux densities limit 
the sample area, which in the examples cited above 
ranged from 0.64 cm 2 to 25 cm 2 . 

Lootens and Vandecasteele (2000) avoided the 
use of incandescent light sources by irradiating with 
intense stroboscopic lamps. Alternatively to incandes- 
cent or stroboscopic light sources, steadily increasing 
power of LED light sources makes them practical in 
generating relatively strong irradiance over a large 
area (www.psi.cz, www.qubitsystems.com) 7 . 

To reliably interpret quantitative fluorescence 
imaging data, it is important to determine the unifor- 
mity of the illuminating light field. This can be done 
using the CCD camera of the imaging instrument. 
However, this technique must take into account the 
fact that CCD cameras are not optically perfect and 
may produce images significantly affected by limited 
peripheral sensitivity. Figure 3A shows a pseudo 
3-D presentation of the fluorescence emission of a 
homogeneous layer of a fluorescent dye (Nile blue) 
excited by a distant light source arranged to provide 
homogeneous diffuse light. The image is clearly het- 
erogeneous, revealing seemingly higher fluorescence 
level in the center of the field. The heterogeneity is 
caused by the optics of the camera and depends on 
the distance of the camera from the sample (in this 
case 9 cm). The fluorescence surface shown in Fig. 
3B was obtained with the same dye layer, but was 
excited directly by panels of orange LEDs (Nedbal 
et al., 2000a). The curvature of the 3-dimensional 
presentation is slightly greater than that seen in Fig. 
3A because of heterogeneity in the measuring light. 
A map of the light field determined using a Licor 
quantum sensor showed that the intensity was homo- 
geneous over the area of a Petri dish (64 cm 2 ) within 
±7%. Generating a uniform light field at an intensity 
sufficient to measure F M and F M ' is even more difficult. 
The irradiance must be several thousands of pmol 
photons/m 2 s, last for a second or so, and switch on 
and off within a few milliseconds. Fig. 3C shows the 
irradiance field provided by a 250 W halogen lamp 
equipped with a low pass 650 nm dichroic mirror. 
The light field was uniform within ± 12% over the 
surface of a Petri dish at an irradiance of 3000 pmol 
photons/m 2 s. 

7 An array of orange HLMP-EH08 (Agilent Technologies, Palo 
Alto, CA, USA) generate ca. 300 to 400 pmol photons/m 2 s of 
unfiltered light at a distance of 10 cm when electrical current of 
30 mA is used in each LED. 
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F. Impact of Scattering, Absorption, and of 
Re-Absorption of Fluorescence 

Leaves can absorb over 90% of incident sunlight, 
creating a strong internal light gradient in which cells 
located near the top of the leaf may be operating in 
saturating or super-saturating irradiance, while cells 
deeper in the leaf are operating under sub-saturating 
irradiance. How deeply light penetrates a leaf depends 
on the wavelength and angle of the incident light, and 
on the structure and optical properties of the leaf. 
Because Chi strongly absorbs red and blue light, 
fluorescence images induced by red or blue measur- 
ing light view cells at or near the top of the leaf. In 
contrast, green, yellow, or orange light penetrates 
more deeply into the leaf, providing fluorescence 
images of cells located deeper in the leaf. As a con- 
sequence, leaf images of Chi fluorescence typically 
sample a relatively narrow band of cells located in, 
or slightly below, the top of the leaf. This can be a 
significant limitation in leaf imaging, particularly in 
efforts to extrapolate whole leaf activity from imaging 
data. A more accurate picture of leaf activity can be 
attained by analyzing images produced using differ- 
ent measuring light wavelengths, different incident 
angles, and imaging both the top and bottom surfaces 
of the leaf. 

Another factor that can be important in analyzing 
imaging data is reabsorption of Chi fluorescence by 
Chi molecules in the same or the neighboring cells. 
The reabsorption effect is mainly due to the fact that 
fluorescence emitted by Chi in the cells located below 
the surface of the leaf must pass through upper cells 
before being detected. The Chi in the upper cells 
acts as a filter, absorbing the red-band of the Chi 
fluorescence emission spectrum. 

With minor modification a fluorescence-imaging 
instrument can be used to map the relative amount 
of light absorbed by leaf. The technique depends on 
removing the red filters normally placed in front of the 
CCD camera. With the filters removed the camera is 
used to image scattered light from a leaf placed on a 
white surface that is selected to scatter light uniformly. 
Figure 3D shows, in a 3-dimensional representation, 
an image of scattered light from a Hedera leaf placed 
on white paper. The minimum signal is due to the 
highly absorbing Chl-rich areas of the leaf, while 
the maximum signal is due to light scattering by the 
white paper. The difference between the intensity of 
light scattered by the leaf, and the intensity of light 



scattered by the white paper surface around the leaf, 
is a measure of the amount of light absorption by 
the leaf. Figure 3E shows fluorescence image of the 
same leaf captured with the red filters in place. The 
low signal from the white paper indicates that scat- 
tered light is negligible in the captured signal. This 
technique provides a method to improve estimates of 
photosynthetic rates over the surface of the leaf based 
on Chi fluorescence imaging, which require a map of 
the quantum yield and a map of the amount of light 
absorbed by the leaf (Krall and Edwards, 1992). 

The method for mapping Chi absorption in a 
Hedera leaf that contained light-green veins and dark 
interveinal areas is shown in Fig. 4. Images of scat- 
tered light were obtained by removing the red filter 
from the camera. Note that the light scattered from a 
highly scattering white paper (Fig. 4C) was reduced 
after the filter was placed before the camera objec- 
tive (Fig. 4D). The relative decrease in the scattered 
signal can be used to map the leaf absorption of the 
measuring light (in Fig. 4F). Figure 5 shows a com- 
parison of standard fluorescence images of F 0 , F M , F v 
and F M emission (top row) with the images that have 
been corrected using the absorption image shown in 
Fig. 4F. Comparison of the top and bottom rows in 
Fig. 5 reveals significant difference between the two 
methods. For example, in the uncorrected image of F 0 
(top), the relative intensity of light is lower in veins 
compared to the surrounding tissue, whereas in the 
corrected F 0 image (bottom) the fluorescence is higher 
in the veins than in the surrounding tissue. The same 
applies to the maximum fluorescence F M . Although 
the veins contain less Chi than the surrounding areas, 
they exhibit a higher fluorescence yield because there 
is less re-absorption of fluorescence. 

Another dimension adding complexity to the 
fluorescence imaging is the non-uniform absorption 
of the photosynthetically active irradiance along the 
depth profile of the leaf. The surface leaf cell layers 
are exposed to full incident irradiance whereas the 
deeper cell layers are ‘enjoying’ reduced photon flux 
density with dominating green photons. The uneven 
distribution of light absorption can be mapped by 
various techniques (Vogelmann et al., 1 996) and Chi 
fluorescence microscopy has a significant application 
potential in this area. 
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Fig. 4. Scattered light and fluorescence images of a Hedera leaf (for color images see Color Plate 4, Fig. 3). ( A) Color photograph of 
the leaf illuminated by white light (24 bit. 2048 x 1536 pixels); (B) Color photograph of the leaf illuminated by the orange LED mea- 
suring flashes ( 635 nm). (C) Map of scattered measuring light (635 nm) from white paper without the leaf. Note that the scattered light 
signal is shown only for the area previously occupied by the leaf. The image was captured without a red filter in front of the camera. 
(D) Map of scattered measuring light from the leaf (same as C except with the leaf). (E) The difference between images (C) and (D), 
showing the decrease in scattering due to light absorption by the leaf. (F) Map of the fraction of measuring light absorbed by the leaf 
(calculated by dividing the pixel data in image (D) by pixel data in image (C). Images C-F were captured using a monochrome CCD 
camera ( 8-bit, 400 x 300 pixels). 




Fig. 5. Fluorescence images of F 0 , F M , F v . and F M emitted by a Hedera leaf (top row). The bottom row shows the same fluorescence images 
after normalization by dividing each pixel by the value of the corresponding pixel in the image mapping the absorbed light shown in Fig. 
4E. Normalization serves to correct for heterogeneity in the distribution of chlorophyll in the leaf and heterogeneity in the measuring 
light field which yields a more accurate map of the fluorescence yield parameters. For color images see Color Plate 4, Fig. 4. 



III. Sources of Heterogeneity in Fluores- 
cence Images 

A. Biotic Stress 

Imaging fluorometry can reveal the time course 
and pathway of pathogen invasion in a leaf, which 
makes it an effective tool for detecting early stages 
of viral, bacterial, and fungal infection in leaves. It 
is important to note that the fluorescence parameter 
best suited for evaluating damage depends on the type 
of infection; there is a better chance of detecting and 
assaying infected areas with more versatile imaging 
instruments. An example of this is provided by crown 
rust ( Puccinia coronata) in oat leaves. During early 
stages of the disease, images of infected leaves showed 
only slight changes in the quantum yield of PS II, 
whereas non-photochemical quenching decreased 



substantially (Scholes and Rolfe, 1996). Similarly, 
leaf infection by a mosaic virus was most clearly 
imaged by changes in non-photochemical quench- 
ing (Osmond et al., 1998; Lohaus et al., 2000). In 
contrast, invasion of bean leaves by rust (Uromyces 
appendiculatus) was revealed by changes in the 
fluorescence induction kinetics (Peterson and Aylor, 
1 995). Cedar needles ( Totreya taxifolid) infected by 
the fungus Pestalotiopsis spp. were identified by an 
empirical estimate of quantum yield Y'=(F M - F S )/F M 
(Ning et al., 1 995), which was also used to visualize 
impact of phytotoxins on a hibiscus leaf ( Hibiscus 
sabdariffa) (Bowyer et al., 1998). Mosaic virus 
(TMV) infection of tobacco caused a patchy vari- 
ability in the ratio (F p - F s )/F p (Osmond et al., 1990; 
Balachandran et al., 1994). Imaging of the apparent 
quantum efficiency of PS II from chickpea leaves was 
used to assay the impact of a fungal pathogen from 
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Ascochyta rabiei that altered source-sink distribution 
(Esfeld et al., 1995; Weis et al., 1998). 

Fluorescence imaging can detect biotic stress be- 
fore visual symptoms appear. For example, Nedbal et 
al. (2000b) showed that images of Chi fluorescence of 
lemons provided an early warning of areas infected 
by Penicillium digitatum. This study shows the po- 
tential for using Chi fluorescence imaging to identify 
infected fruit so they can be removed before healthy 
fruit become contaminated. The effectiveness of Chi 
fluorescence imaging is revealed by the demonstra- 
tion that images of F 0 /F v were more than 1 00 times 
sensitive than microscopic inspection in detecting 
damage caused by destruxins isolated from Brassica 
blackspot (Altemaria brassicae ) (Buchwaldt and 
Green, 1992). Further, Zangerl et al. (2002), using 
fluorescence imaging analysis, have shown that in 
wild parsnip, the impact of caterpillars eating leaves 
is much greater than the holes they produce. 

B. Abiotic Stress 

The first application of CCD technology to image Chi 
fluorescence investigated sunflower leaves exposed 
to S0 2 (Omasa et al., 1987). The images showed 
that fumigation induced significant and irreversible 
changes in fluorescence kinetics in regions of the leaf 
between veins, but not in regions close to veins. The 
authors attributed the difference to lower stomatal 
conductance in the regions near the veins. 

As discussed in the Introduction, herbicide pen- 
etration into leaves is easily visualized by imaging 
fluorescence (Daley et al., 1989; Fenton and Crofts, 
1990; Yanase and Andoh, 1992; Ning et al., 1995; 
Rolfe and Scholes, 1995; Lichtenthaler et al., 1997; 
Nedbal et al., 2000a). The inhibition pattern induced 
by the addition of DCMU appears in a wave-front that 
divides photosynthetically active and inactive regions . 
As is the case for biotic stress, some fluorescence 
parameters are more effective than others in track- 
ing the pathway of inhibition. For example, DCMU 
binding has little effect on the parameters F 0 and F M . 
However, the inhibition pattern can be visualized by 
a number of fluorescence parameters, including the 
kinetics of the transition from F 0 to F M , a slowdown 
of the fluorescence decrease normally seen in the 
later phase of fluorescence induction (Ning et al., 
1995; Lichtenthaler et al., 1997), or changes in non- 
photochemical quenching (as shown in Fig. 2B). 

Images of leaves that are drought-stressed reveal a 
heterogeneous pattern in Chi fluorescence quenching 



(Lang et al., 1996; Jensen and Siebke, 1997; Meyer 
and Genty, 1999; Osmond et al., 1999b; Bartak et 
al., 2000; Lichtenthaler et al., 2000). Meyer and 
Genty (1999) observed a reduction in the ratio of 
(Fm~ F s )/Fm , in drought-stressed leaves, which they 
attributed to an inhibition of photosynthetic activ- 
ity induced by heterogeneous stomatal closure. To 
develop fluorescence imaging for remote sensing, 
Ning et al. (1995) showed that fluorescence im- 
ages captured at a distance of seven meters could 
effectively identify early effects of freeze damage, 
herbicide effects, and fungal infections. In a spectral 
analysis of images of tobacco leaves that included 
fluorescence from sources other than Chi, Lang et 
al. (1996) found that water-stress, combined with 
high-temperature stress, altered the ratio of steady- 
state blue, green, red, and far-red fluorescence (blue 
and green fluorescence are not from Chi, see Chap- 
ters 16, Moya and Cerovic; and 28, Lichtenthaler 
and Babani, for discussion). Lang and co-workers 
proposed that multi-color analysis could provide a 
simple and effective tool for early detection of vari- 
ous stress factors. Heisel et al. (1996) demonstrated 
that multi-color fluorescence imaging of maize is 
effective in detecting N and Fe deficiencies, but was 
less effective in detecting Mg and Zn deficiencies. 
Mazza et al. (2000) have compared images of Chi 
fluorescence emission excited in the ultraviolet, UV- 

B, and blue spectral regions to estimate changes in 
UV-screening pigments induced by pre-exposure of 
soybean leaves to UV-B radiation. 

C. Physiology 

A number of techniques indicate that photosyn- 
thetic performance in leaves can exhibit considerable 
variations even in the absence of significant stress 
factors. One of the clearest examples is heterogene- 
ity in stomatal aperture that gives rise to ‘stomatal 
patchiness.’ Fluorescence imaging can identify leaf 
regions in which the stomatal aperture is significantly 
below the average stomatal aperture of the leaf. The 
heterogeneity in stomatal conductance is dynamic 
and leads to local variations in the internal C0 2 
concentration that is a major factor in controlling 
the net rate of C0 2 assimilation, and, which in turn 
controls steady-state levels of fluorescence emission 
and fluorescence quenching (Daley et al., 1989). 
Patchy stomata responses can be induced by low 
humidity, which induces dynamic changes in non- 
photochemical quenching (Mottetal., 1993; Cardon 
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et at., 1994; Eckstein et al., 1996), or by infiltration 
of leaves by abscisic acid (Meyer and Genty, 1998). 
Bro et al . ( 1 996) used fluorescence imaging to inves- 
tigate stomatal limitation together with asynchronous 
limitation of intrinsic metabolism following a period 
of dark adaptation. Fluorescence imaging also reveals 
significant heterogeneity in developing leaves. Young 
leaves of tobacco exhibit heterogeneity in fluores- 
cence emission (Weis et al., 1998), as do cucumber 
leaves during development and expansion (Croxdale 
and Omasa, 1990a,b). 

Another example of physiological heterogeneity 
in leaves is the oscillations observed in assimila- 
tory activity. K. Siebke and E. Weis have induced 
photosynthetic oscillations in (F M - F S )/F M images 
in heterobaric leaves of Glechoma hederacea by step 
changes in 0 2 and C0 2 concentrations (Siebke and 
Weis, 1 995a) and by step changes in the light intensity 
(Siebke and Weis, 1995b ). Images of harmonically 
forced oscillations in fluorescence emission were 
proposed to map regulation in light capture by Ned- 
bal and Brezina (2002). Chlorophyll fluorescence 
imaging was also used to reveal dynamic oscillatory 
heterogeneity of 4) PSII over surface of CAM plant 
Kalanchoe daigremontiana as it occurs in circadian 
rhythm (Rascher et al., 2001). It is noteworthy that 
the oscillations in fluorescence emission could some- 
times only be detected by imaging analysis, because 
they occur at different frequencies and phases in 
different leaf regions. In non-imaging fluorescence 
measurements, which effectively measures an aver- 
age fluorescence signal over the sample area, and 
in other integrative methods, such as gas exchange 
measurements, the oscillations are damped out due 
to multiple phases of the oscillations in different leaf 
segments. This effect can be avoided by microscopic 
imaging, which reveals spontaneous oscillations of 
fluorescence emission with single cells oscillating 
at different frequencies and phases (Ferimazova et 
al., 2002). 

D. Mutations 

Beginning with the work of Gamier (1967), Bennoun 
and Levine (1967) and Bennoun and Beal (1997) in 
which they imaged Chi fluorescence by photographic 
and visual analysis to select photosynthetic mutants 
of algal colonies, the use of Chi fluorescence imag- 
ing to screen for mutants has become ubiquitous 
(Miles and Daniel, 1973; Gibbons and Smille, 1980; 
Fenton and Crofts, 1990 ). Recent examples include 
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the work of K. Niyogi and coworkers who developed 
a sophisticated image analysis to select for mutants 
deficient in non-photochemical quenching in algae 
(Niyogi et al., 1997) and in Ambidopsis (Niyogi et 
al., 1998; Shikanai et al., 1998; Peterson and Havir, 
2000 ), and Kruse et al. (1999), who used the technique 
to find state -transition mutants of green alga Chlam- 
ydomonas reinhardtii. Bennoun and Beal (1997) used 
parallel imaging of Chi fluorescence and delayed 
fluorescence (also called delayed luminescence, or 
delayed light emission; see Chapter 13, Tyystjarvi 
and Vass) to identify algal mutants affecting the 
electrochemical gradient across the photosynthetic 
membrane. 



IV. Future Applications 

Since Kautsky and Hirsch (1931) first visualized 
the fluorescence emission from leaves and Omasa et 
al. (1987) constructed the first CCD camera imag- 
ing fluorometer, the technique of Chi fluorescence 
imaging has evolved into a ubiquitous tool for deter- 
mining the underlying molecular and physiological 
mechanisms that determine photosynthetic rates and 
efficiencies. This knowledge, combined with techni- 
cal advancements, is opening the way for a variety 
of applications in plant research and biotechnology, 
including high throughput screening for mutants, and 
detection and identification of biotic and abiotic stress 
factors. Although currently the use of fluorescence 
imaging for screening mutants is constrained by 
small sample areas, improvements in light sources 
can be expected to greatly increase throughput over 
the next few years. Increased throughput rates will 
require more robust and sophisticated tools for 
image segmentation and analysis that can benefit 
from systems incorporating artificial intelligence 
(Tyystjarvi et al., 1999). Improved modulation of 
measuring light systems and increased sensitivity of 
image detectors should enable measurements of crop 
plants in the field in full sunlight. This would make 
fluorescence imaging an important component in 
precision farming systems. Imaging instruments are 
currently being developed to measure fluorescence 
dynamics from distances of several meters (Ning et 
al., 1995; Lichtenthaleretal., 1996; Johansson etal., 
1996; Chapter 16, Moya and Cerovic). The field imag- 
ing fluorometers can be expected to perform at the 
same level as the PAM (Pulse Amplitude Modulation) 
non-imaging fluorometry, thereby providing monitor- 
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ing of drought, heat, chilling, photoinhibition, and 
nutrient depletion in crop plants. Novel applications 
of fluorescence imaging include the non-invasive 
analysis of lichen, algal and cyanobacterial growth 
on stone statues, historical monuments, and ancient 
cave formations (Jensen and Siebke, 1997). In food 
technology, Chi fluorescence imaging can provide a 
rapid and non-invasive, post-harvest evaluation of 
the quality of fruits and vegetables (e.g., DeEll et al., 
1995; Gandul-Rojasetal., 1999; Nedbal etal., 2000b; 
DeEll and Toivonen, 2000 ), and of seeds (Jalink et 
al., 1998). On the microscale, fluorescence imaging 
is being used to map fluorescence parameters of 
individual cells or even chloroplasts (Kupper et al., 
2000; Baker et al., 2001; Ferimazova et al., 2002). 
On a global scale, fluorescence imaging will be play- 
ing an increasingly important role in monitoring the 
impact of atmospheric and global climate change on 
native ecosystems. 
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Summary 

Chlorophyll (Chi) a fluorometry is now well established as a non-invasive technique for the investigation of 
photosynthesis in plants and algae. In recent years, the versatility of this technique has been increased sig- 
nificantly by the development of Chi a fluorescence imaging systems. For example, high resolution systems 
make it possible to compare Photosystem (PS) II photochemical efficiency from chloroplasts within guard and 
mesophyll cells and from individual algal cells within mixed populations, while lower resolution systems can be 
used to investigate heterogeneous patterns of photosynthetic performance across leaves. In addition, it is now 
practical to use fluorescence imaging systems as real-time, multi-channel fluorometers, which can be used to 
screen large numbers of plants or to record continuous fluorescence traces from multiple leaves or algal cells. 
This chapter describes the theoretical and practical issues associated with imaging, both at high resolution (at 
the level of individual algal cells and chloroplasts within plant cells ) and at low resolution (whole leaves and 
the screening of large numbers of plants ). After a brief introduction, a section on the theoretical background 
to Chi a fluorometry concentrates on those aspects that are of particular relevance to imaging. This is followed 
by a section which covers a number of technical issues. Next, a range of examples are provided, to illustrate 
how Chi a fluorescence imaging can be used in physiological investigations. The final section considers the 
immediate future of this technique. 



I. Introduction 

Chi a fluorometry has long been recognized as a 
valuable, non-invasive technique for investigating 
oxygenic photosynthesis. Over the past 15 years or 
so, increasingly sophisticated Chi a fluorescence 
imaging systems have been developed by a number 
of research groups. These systems can be divided into 
low resolution systems, which can resolve features 
down to the level of small groups of cells (Omasa 
et al., 1987; Daley et al., 1989; Fenton and Crofts, 
1990; Genty and Meyer, 1995; Siebke and Weis, 
1995; Scholes and Rolfe, 1996; Nedbal et al., 2000; 
Zangerl et al., 2002), and high resoluiton systems, 



Abbreviations: adc - analogue to digital converter; CCD - charge 
coupled device; Chi - chlorophyll; CMOS - complementary 
metal-oxide semiconductor; DCMU - 3- (3 ,4-dichlorophenyl)- 
1,1 -dime thy lurea; F' - Chi a fluorescence level at any point 
between F 0 ' and F m F m - maximal Chi a fluorescence level from 
dark-adapted samples; F m ' - maximal Chi a fluorescence level 
from samples in light; F 0 - minimal Chi a fluorescence level from 
dark-adapted samples; F 0 ' - minimal Chi a fluorescence level of 
samples in light; fps - frames per. second; F ' - difference in Chi a 
fluorescence between F m ' and F' (F r = F m ' - F); F v - variable 
Chi a fluorescence level from dark-adapted samples (F v -F m -F 0 ); 
F v ' - variable Chi a fluorescence level of samples in light (F v ' = 
F m ' ~ F 0 y, LUT - look-up table; NPQ - fluorescence parameter 
that treats non-photochemical quenching as a Stern- Volmer 
quencher, calculated as F m /F m ' - 1 [note: NPQ has also been used, 
elsewhere, as an abbreviation for the term ‘non-photochemical 
quenching.’ To avoid confusion, it is only used in its origanl context 
within this chapter.]; PAR - photo synthetically active radiation; 
PS II (I) - Photo system II (I); Q A - primary quinone acceptor of 
PS II; RRP - reversible radical pair 



which can resolve features at the cellular and sub- 
cellular levls (Oxborough and Baker, 1997a; Osmond 
et al., 1999; Kupper et al., 2000; Rolfe and Scholes, 
2002). In addition, Chi a fluorescence imaging 
systems are now available commercially, from PSI 
(Brno, Czech Republic), Walz Systems (Effeltrich, 
Germany), Technologica Ltd. (Colchester, UK) and 
Qubit Systems (Kingston, Canada). 

In terms of application, Chi a fluorescence imag- 
ing of photosynthetic performance can be divided 
into two general areas; the study of heterogeneous 
phenomena and the screening of large numbers of 
samples. There is now a long list of publications that 
describe the application of low resolution imaging 
systems to the study of heterogeneous patterns of 
photosynthetic efficiency in leaves. For example, 
during the onset of photosynthesis after a prolonged 
dark period (Bro et al., 1996), after fungal infection 
(Scholes and Rolfe, 1996 ) and during a sink-source 
transition (Meng et al., 2001). High resolution ex- 
amples include measurements from leaves during the 
onset of photosynthesis after a prolonged dark period 
(Oxborough and Baker, 1997b), after exposure to 
ozone (Leipner et al. , 200 1 ), and from heterogeneous 
populations of algal cells within intact biofilms 
(Oxborough et al., 2000). In addition, there is one 
example of confocal microscopy being used to follow 
changes in fluorescence yield from gi ana and stroma 
lamellae (Osmond et al., 1999). Fluorescence imaging 
has also been used in the screening of algal mutant 
colonies with altered thylakoid electrochemical 
gradient (Bennoun and Beal, 1997) and screening 
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for non-photochemical mutants of Chlamydomonas 
sp. (Niyogi et al., 1997) and Arabidopsis sp. (Niyogi 
etal., 1998). 

Although this chapter is primarily intended as an 
overview of how imaging of Chi a fluorescence can 
be used to monitor photosynthetic performance, it 
includes theoretical and technical aspects that are of 
relevance to Chi a fluorometry in general. Detailed 
descriptions of the fluorescence terminology and 
parameters that are used in this chapter can be found 
in Chapter 3 (Baker and Oxborough). A brief discus- 
sion of the theoretical basis for these parameters is 
presented in Section II. 

The success of Chi a fluorometry is due, in large 
part, to two important practical developments; the 
Tight addition’ method (Bradbury and Baker, 1984; 
Quick and Horton, 1984), winch uses a multiple- 
turnover pul se to achieve the F m and F m ' fluorescence 
levels (the maximum Chi a fluorescence levels in the 
dark and light adapted states, respectively), and the 
application of either locked-in amplification (Quick 
and Horton, 1984) or Pulse Amplitude Modulation 
(PAM ) (Schreiber et al., 1989), both of which gener- 
ate a signal that is proportional to fluorescence yield, 
with a high signal to noise ratio. In combination, 
these developments have made it possible to quan- 
tify the relative contributions of photochemical and 
non-photochemical quenching processes to changes 
in fluorescence yield, with minimal impact on the 
photosynthetic apparatus (see chapters by Adams and 
Demmig-Adams, Baker and Oxborough, Bruce and 
Vassil’ev, Bukhov and Carpentier, Gilmore, Golan et 
al., Kramer et al. and Krause and Jalnis). While most 
fluorescence imaging systems also employ multiple- 
turnover pulses to acquire F m and F m ', the method 
used to process F a , F ', F m and F m ' images for use in 
the construction of fluorescence parameter images is 
not always comparable to locked-in amplification or 
PAM. The relative merits of the different approaches 
to this aspect of Chi a fluorescence imaging are dis- 
cussed in Section III. 

A number of theoretical advances and empirical 
observations have also played critical roles in the 
development of Chi a fluorometry. Perhaps the most 
useful, and certainly the most widely appreciated, is 
the demonstration by Genty et al . ( 1989), that F q 7F m ’ 
(where F q ' = F m '-F ') frequently correlates with the 
quantum yield of C0 2 assimilation in the absence of 
photorespiration (see Chapter3, Baker and Oxbor- 
ough). As noted by Lavergne and Trissl (1995), this 
relationship is most easily explained if the process of 



downregulation (which results in an increase in non- 
photochemical quenching of Chi a fluorescence) is 
assumed to operate in the same way as a Stem-Volmer 
quencher; a point that has important implications for 
the interpretation of Chi a fluorescence data and one 
that is discussed in Section II. 

There are two other factors that make Chi a fluo- 
rometry a viable technique. Firstly, the size of the Chi 
a fluorescence signal (which represents a minimum 
of 1% of the photons absorbed by the photosyn- 
thetic apparatus as a whole). Secondly, the broad 
action spectra for photosynthesis within oxygenic 
organisms (which typically extend from 400 nm to 
700 nm) make it easy to avoid overlap between the 
measuring light and fluorescence signal (which has 
a peak between 682 and 685 nm and a shoulder that 
extends to 740 nm). 

Despite the relatively high signal, high resolution 
imaging of Chi a fluorescence is often limited by 
signal size. This is particularly true when imaging 
the F 0 level of fluorescence, where the actinic effect 
of the measuring light that is used to excite Chi a 
fluorescence must be kept to a minimum. Techniques 
that can be used to optimize the conflicting require- 
ments for high signal size and low actinic effect are 
discussed in Section III. 

In theory, it is possible to resolve objects as small 
as 340 nm when imaging Chi a fluorescence (half the 
wavelength of the light that is being detected ). This is 
much smaller than, for example, the size of individual 
thylakoid stacks within chloroplasts of higher plants. 
In practice, however, Chi a fluorescence can only 
be resolved at this level using confocal microscopy 
(Osmond et al. , 1 999), which is unsuitable for the type 
of Chi a fluorescence analysis that is under discussion 
here. Using conventional fluorescence microscopes, 
it is usually possible to resolve some fluorescence 
parameters from objects of a few /mi in size. This 
includes individual chloroplasts within higher plant 
cells and all but the very smallest cells of photosyn- 
thetic algae. Section IV provides some examples of 
Chi a fluorescence imaging at the microscopic level, 
while examples at lower resolutions (whole leaf and 
multiple plants) are presented in Section V 

Throughout this chapter, images are referred to as 
being ‘raw’ or ‘parameter’. The raw fluorescence im- 
ages types are F a , F o ' (minimum fluorescence signal 
in the dark and light adapted states, respectively), 
F' (fluorescence signal at any point between F 0 ' and 
F m '), F m and F m '. These are used in construction of 
the parameter image types, which includes FJF m 
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(where F v = F m - F a ), F v /(F m FJ, F q 7F m ' (where 
F q ' = F m ■ -F'), F v 7F m F q 7F V ' and NPQ (which is 
equivalent to FJF m ' - 1). 



II. Theoretical Background 

The yield of Chi a fluorescence may be ‘quenched’ 
by increases in the effective rate constant for PS II 
photochemistry (the fraction of PS II centers that 
are capable of stable charge-separation) and/or the 
rate constant for one or more non-radiative decay 
processes within the PS II pigment matrix. Although 
a number of different models can be used to relate 
these de-excitation processes (Butler and Kitajima, 
1975; Butler, 1978; Schatz et al., 1988; Laible et al., 
1994; Dau and Sauer, 1996; Chapter 12, Strasser et 
al.), there is an increasing amount of evidence in sup- 
port of the reversible radical pair (RRP) equilibrium 
model (Schatz et al., 1988; McCauley et al., 1989; 
Roelofs et al., 1992; Dau and Sauer, 1996), which 
was originally proposed by Schatz et al. (1988). The 
‘equilibrium’ part of the RRP equilibrium model 
refers to a rapid equilibration of the excited state 
that is established among the Chls within the PS 
II pigment matrix (including P680) within a much 
shorter timeframe (~ 15 ps ) than the mean lifetime 
of an exciton within the PS II pigment matrix (> 1 
ns) (Schatz et al., 1988; Dau and Sauer, 1996). Put 
another way, the number of times an exciton ‘visits’ 
a particular Chi within the pigment matrix is very 
largely dependent on certain characteristics of that 
Chi's absorption spectrum (relative to the other Chls 
within the pigment matrix ) and is independent of the 
absorption spectrum of the Chi that first absorbed 
a photon. The ‘reversible radical pair’ refers to the 
possibility that charge-recombination between the 
oxidized reaction center Chi (P680 + ) and the reduced 
pheophytin (Phe - ) can result in re-formation of the 
singlet excited state ofP680 (‘P680*) and subsequent 
re-equilibration of the excited state. 

The rapid equilibration of excited states places 
PS II photochemistry in direct competition with Chi 
a fluorescence and non-radiative decay processes 
within the PS II pigment matrix. An important conse- 
quence of this relationship is that non-photochemical 
quenching of Chi a fluorescence can be viewed as 
Stem-Volmer quenching, even though the underlying 
mechanism(s) might actually be more analogous to 
an on-off switch within each PS II complex. This 
provides a sound theoretical basis for most of the 



commonly used fluorescence parameters, including 
FJF m , F q 7F V ', F v 7F m ', F q 7F m ' and NPQ (which is 
calculated as FJF m ' - 1 and is a straightforward 
rearrangement of the Stern- Volmer equation ). It is 
also the basis of the F a ' calculation method (Oxbor- 
ough and Baker, 1997b), which is often essential to 
the construction of images of F v 7F m ' and F q 7F V ' 
(Section III.E.3). 

Another factor that has to be considered when 
defining fluorescence parameters is the level of 
connectivity, which determines the probability of 
energy transfer among PS II complexes. Connectivity 
among PS II complexes is irrelevant to parameters 
that only require fluorescence to be measured at F a , 
F a ', F m and F m ', since centers are either all open or 
all closed at the point of measurement. However, it 
is relevant to parameters that involve measurement 
of F ', where the fraction of PS II centers in the open 
state can be anywhere between 0 and 1. There are 
two commonly used parameters, for which images 
can be generated, that fall into this category: F q 7F m ' 
and F q 77% 7 The value of F q 7F m ' has always been as- 
sumed to provide an estimate of the photon yield of 
PS II photochemistry (Genty et al., 1989; Di Marco 
et al., 1990; Krall and Edwards, 1990; Edwards and 
Baker, 1993). In the context of the RRP model, this 
interpretation makes no assumptions about the level 
of comiectivity. Similarly, F q 7F V ' can be defined as 
a factor relating the maximum photon yield of PS II 
photochemistry to the actual yield without assum- 
ing a particular level of connectivity (Havaux et al., 
1991; Oxborough and Baker, 2000). One situation 
where connectivity does become an issue is with the 
so-called co-efficient of photochemical quenching 
ri/p), which has often been used as a proxy for the 
fraction of PS II centers in the open state (centers at 
which Q a is not reduced). This interpretation would 
only be valid if zero connectivity existed among 
PS II complexes. 



III. Technical issues 

A. Cameras and Frame Grabbers 

The majority of Chi a fluorescence imaging systems 
described in the literature are based around cameras 
that utilize a CCD (charge-coupled device) sensor 
for image capture. These silicon-based devices are 
divided into a two dimensional array of wells, which 
accumulate electrical charge through the absorption 
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of incident photons. At some point, the charge that 
accumulates within each well must be converted to a 
number; a process that involves an analogue to digital 
converter (adc). With digital camera systems, the adc 
is located within the camera itself. With analogue 
camera systems, the adc is part of a frame grabber, 
which is normally located inside a computer. Although 
the adc within many cameras and frame grabbers can 
generate 12 or even 14 bit data, the higher levels of 
resolution can only be realized if the analogue sec- 
tion of the camera has an adequate dynamic range. 
For example, there is no benefit to using an adc of 
greater than 8 bit resolution if the dynamic range of 
the camera is no greater than 48 dB (the additional 
bits will simply be highly ‘resolved’ noise). Similarly, 
a camera must have a dynamic range of more than 
60 dB to realize the full benefit of a 12 bit adc and 
more than 72 dB to realize the frill benefit of a 14 bit 
adc. The value of the dynamic range is a function of 
the well capacity of the sensor array (the amount of 
electrical charge that can be stored within each well 
of the device) and the design of the readout circuit. 
There are very few cameras that have a dynamic range 
that is better than 12 bit resolution. 

Although CCD sensors dominate in the field of 
Chi a fluorescence imaging, there is another type 
of image sensor that is widely available: the comple- 
mentary metal-oxide semiconductor (CMOS). 
CMOS sensors are much cheaper to manufacture than 
CCD sensors and allow for much higher frame rates. 
The main disadvantage of CMOS sensors is their 
low sensitivity (when compared to CCD sensors), 
which makes them less suitable for use in many Chi 
a fluorescence imaging applications. 

The most common method for scanning charge 
out of a CCD array is interlaced transfer. With this 
method, the image is scanned out in two fields; the 
first field consisting of the odd horizontal lines, and 
the second field the even horizontal lines. Because 
there is a time interval between the two scans, the 
image can be blurred if the object that is being im- 
aged is moving or, in the case of Chi a fluorescence 
imaging, if the fluorescence yield is changing rapidly. 
An example of where this might occur is when moni- 
toring fluorescence changes during the first few tens 
of milliseconds of a dark-to-light transition (Kautsky 
curve). The blurring induced by interlaced transfer can 
be avoided by using only one field of an interlaced 
camera, at the cost of halving the resolution of the 
image, or by using a (more expensive) progressive 
scan CCD camera, which transfers the entire image 



as a single field. CMOS cameras don’t suffer from 
the problems associated with interlacing, as they are 
always progressive scan. 

The integrated signal size ( S ) from any Chi a fluo- 
rometer system, can be defined in terms of Eq. (1). 
With imaging systems, S represents the charge ac- 
cumulated by the wells within the sensor array, which 
is proportional to the number of photons absorbed. 

d> F I A t + k d -t + R (1) 

where: S = integrated signal size 
= chlorophyll fluorescence yield 
I = incident photon flux density 
A = the fraction of incident photons absorbed 
t = integration time 
k d = rate constant for dark noise 
R = read noise 

There are two important sources of noise within 
imaging systems, which are included in Eq. (1). The 
first is so-called dark noise (expressed as k d .t), which 
is the accumulation of charge due to the absorption 
of long wavelength photons. Clearly, the level of dark 
noise is proportional to the integration (exposure) 
time, t. The second is noise associated with reading 
and digitization of the image, which is independent 
of t. The relative importance of dark noise and read 
noise will depend upon the camera system being 
used. For example, the cameras that are used in 
high-resolution systems often incorporate a liquid 
nitrogen or multi-stage Peltier unit, which cools 
the CCD (Oxborough and Baker, 1997a). This can 
decrease the accumulation of charge due to thermal 
events to an exceedingly low level. For example, a 
CCD sensor that is cooled to 200 K will accumulate 
approximately 0.001 counts pixeT 1 s~‘ of dark noise. 
Even with integration times of several minutes (which 
are sometimes required to generate high resolution 
images of F o ), this rate of dark noise accumulation 
is insignificant. In contrast, an integration time of 
several seconds will result in dark noise occupying 
a significant fraction of the dynamic range of most 
CCD sensors at room temperature. 

Another potential source of error with both CCD 
and CMOS cameras is non-linearity throughout 
the dynamic rage of the camera. Non-linearity is 
sometimes introduced by the download section of 
the camera electronics or frame grabber (CCD and 
CMOS sensors are themselves inherently linear de- 
vices) and must be corrected for by use of a look up 
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table (LUT). This is a simple data array that maps 
the initial digitized values to new (corrected) values. 
Most camera systems include a programmable LUT 
within the data path. 

Although dark noise can be decreased to insig- 
nificant levels by cooling, there are many situations 
where the integration time is limited by other factors. 
This is particularly true when taking high resolution 
images of F a , which can require integration times of 
tens of seconds. In some cases, sample movement 
can make imaging of F a completely impractical. For 
example, many taxa of benthic diatoms within intact 
biofilms can move several micrometers s _1 , but may 
require integration times of several seconds for the 
generation of a usable F a image. 

The intensity of the excitation light is often lim- 
ited by biological considerations (Section III.B). 
Consequently, the only solution to the problem of 
movement during the taking of an image is to increase 
the sensitivity of the acquisition system, either by 
use of a more sensitive sensor array or better optics. 
The highest available sensitivity is provided by back 
illuminated CCD sensors. These are sensors that 
have been chemically etched on what is normally 
the reverse side of the CCD; a process called back- 
thinning. This provides the incident photons with a 
more direct path to the silicon substrate. The typical 
quantum efficiency of a back illuminated CCDs is 
better than 90% over the entire Chi a fluorescence 
emission spectrum, compared with 40-60% for a 
comparable conventional (front illuminated) CCD. 
Back illuminated CCDs also tend to use a download 
step called frame transfer, which results in a further 
increase in image quality. Consequently, the overall 
sensitivity of a back illuminated CCD sensor is several 
times that of a conventional CCD sensor. 

B. Light Source(s) 

All Chi a fluorescence imaging systems that employ 
the light-addition technique to achieve F m and F m ' 
require one or more light sources for three different 
purposes; i) to provide actinic illumination; ii) to 
provide the multiple turnover (saturating) pulses for 
measurement of F m and F m ' and; iii) to excite Chi a 
fluorescence during imaging (measuring light). 

The value of all fluorescence parameters is, to some 
extent, dependent on the intensity of the incident 
light. Consequently, it is essential that illumination 
from the actinic source is as even as possible. In 
contrast, it is often acceptable to have a certain level 



of unevenness of illumination from the light source 
that provides the saturating pulses for imaging F m 
and F m a more important requirement being that the 
pulses are of sufficient intensity to close the majority 
of PS II centers within the entire imaged area. An 
additional requirement is that the saturating light is 
switched off while imaging or that the fluorescence 
generated by the saturating pulse is subtracted from 
the F m or F m ' image (discussed later in this section). 
Provided that the actinic effect of the measuring light 
is negligible, a certain amount of unevenness of il- 
lumination is normally acceptable. This is because 
parameter images are always normalized, such that 
inhomogeneities that result from uneven light are 
cancelled out. An obvious downside to uneven mea- 
suring light illumination is that detail within raw 
fluorescence images can be lost. 

The measuring light used within most commercial 
non-imaging systems is provided by either light 
emitting diodes (LEDs) or a xenon flash lamp. In 
both cases, a continuous sequence of short (typi- 
cally 1-3 [is) pulses are provided at very high photo- 
synthetically active photon flux density (PPFD ). The 
fluorometer amplification system effectively isolates 
the fluorescence signal generated by these pulses from 
fluorescence that is generated by constant output from 
actinic and/or saturating pulse light sources, using 
Pulse Amplitude Modulation (PAM ). Consequently, 
the signal generated is directly proportional to fluo- 
rescence yield and the signal to noise ratio is orders 
of magnitude higher than could be achieved without 
modulation. When measuring F of the pulses are 
widely spaced, so that their actinic effect is minimal 
(although the PAR of these pulses is very high, they 
are so short that their actinic effect is mi nima l ). The 
signal to noise ratio can be improved even further, at 
the expense of response time, by applying electronic 
or mathematical damping. 

With imaging systems, it is possible to employ 
a technique that is comparable to PAM (Nedbal et 
al., 2000; Chapter 14, Nedbal and Whitmarsh). For 
example, a sample that is being illuminated with a 
constant actinic source (such as a halogen lamp) can 
be imaged twice; firstly in the absence of a measuring 
pulse and secondly with a measuring pulse, from an 
LED source or Xenon lamp. Subtracting the first im- 
age from the second generates a third image, which 
approximates the fluorescence that is generated by the 
measuring pulse alone, and which can then be used in 
the construction of parameter images . Inevitably, this 
approach results in a fraction of the dynamic range 
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of the camera being lost (the fraction that is occupied 
by the first image). However, this fraction can be ac- 
ceptable, if the integration time is very short and the 
PAR of the measuring pulse is very high. 

One advantage of applying the PAM method to 
imaging is that it can be used with a wide range of 
light sources of differing spectral characteristics, 
which can be left on while an image is being taken. A 
downside to using light sources with different spec- 
tral characteristics is that there can be a significant 
difference in the depth to which the actinic light and 
measuring light penetrate within the sample, which 
could have some affect on the value of fluorescence 
parameters. 

Clearly, for a usable fluorescence image to be gener- 
ated, a certain number of photons must be absorbed 
by the CCD. Although signal size can be improved 
by increasing the integration (exposure) time and/or 
incident PAR, either of these will often impact on the 
de-excitation processes at PS II. This impact is most 
acute when imaging F 0 , where there is a requirement 
that the measuring light has minimal actinic effect, 
to minimize the closure of PS II centers while the 
image is being accumulated. 

Even with low resolution imaging applications, 
the shortest measuring pulse that can provide enough 
photons to generate a usable image is likely to be in 
the region of 10- 1 00 [is. This is orders of magnitude 
longer than the time constant for charge-stabilization 
at PS II, of approximately 300 ps (Dau and Sauer, 
1992; Roelofs et al., 1992), and comparable to the 
time constants for the opening of a closed PS II 
center through the transfer of an electron from Q ~ to 
plastoquinone or semi-plastoquinone at the Q B -site, 
which are a minimum of 200 and 400 as, respectively 
(Robinson and Crofts, 1983; Crofts et al., 1993). 
Consequently, the ratio of the yield of PS II center 
closure to the yield of PS II center reopening during 
the integration period is very high. This maximizes 
the fraction of PS II centers that are closed during 
the integration period, which may result in the value 
of F 0 being overestimated. 

While there is essentially nothing that can be done 
to significantly decrease the yield of PS II center 
closure (since this would require integration times 
of considerably less than 1 [is), the yield of PS II 
center reopening during the integration period can 
be increased by simply increasing the integration 
time and decreasing the incident PAR, such that the 
product of the two is unchanged. 

There are two ways of increasing the integration 



time: i) increase the length of a single exposure or, 
ii) average multiple integration periods that have 
a relatively long dark interval between them. For 
example, the generation of a usable F a image might 
require a single integration period of 1 s at a PAR of 
1 //mol photons nr 2 s _1 . As an alternative, the same 
number of photons could be delivered to the sample 
during 10 widely spaced integration periods of 100 
as each, at a PPFD of 1000 //mol nr 2 s _1 . While the 
first method will accumulate 1000 times as much 
dark noise as the second, the second method will 
accumulate 10 times as much read noise as the first. 
Consequently, the best method will depend on the 
characteristics of the imaging hardware being used. 
For example, the very low rate of dark noise accu- 
mulation by cameras that have a cooled CCD sensor 
makes the single exposure method the best option in 
this instance. With other types of camera, the best 
option will depend upon the relative levels of dark 
noise and read noise. Even with uncooled sensor 
cameras, read noise is generally a more significant 
problem than dark noise, unless the integration time 
runs to several hundred ms. 

Although it is possible to construct an imaging sys- 
tem around two or more different light sources, there 
are advantages to using a single light source to pro- 
vide actinic light, saturating pulses for measurement 
of F m and F m ' and measuring light. One important 
advantage is that images only have to be corrected 
for dark noise and read noise and not for fluorescence 
that is generated by a separate actinic and/or saturat- 
ing pulse source. Consequently, the fraction of the 
dynamic range of the camera that is lost through 
image correction is minimized. Another advantage 
of using a single light source is that both the actinic 
light and measuring light are attenuated through the 
sample in the same way: although the scattering and 
re-absorption of fluorescence prevent a perfect match 
being achieved between incident light and fluores- 
cence captured ( Section IVA), this aspect of a single 
light source system minimizes such errors. 

A single light source within an imaging system 
must satisfy two important criteria. Firstly, it must 
have a large dynamic range, of perhaps 1000:1; 
with the lowest PAR required (other than zero) be- 
ing perhaps 5 //mol photons nr 2 s -1 , and the highest 
typically being in the region of 5000 //mol photons 
nr 2 s _1 . Secondly, it must be possible to vary the light 
output within a short time frame; ideally, within a 
few ms for the application of saturation pulses used 
for measurement of F m and F m ' and less than 1 [is for 
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the application of measuring pulses. 

Many existing Chi a fluorescence imaging systems 
rely on mechanical methods for changing the level 
of incident light, or voltage regulation of incandes- 
cent light sources. For example, the high resolution 
imaging system described by Oxborough and Baker 
(1997a, b) uses a single xenon light source filtered 
by a blue filter (5 mm Schott BG39), which is attenu- 
ated by a series of neutral density filters (Fig. 1 A). 
These are moved in and out of the light path using 
an arrangement of solenoids and springs, which is 
under computer control. With this system, movement 
of the filters is fast enough for the application of a 
saturating pulse, but far too slow (several ms in either 
direction) for the application of measuring pulses. 
Instead, the prevailing actinic light level is used to 
excite fluorescence during imaging. For example, 
F 0 is measured at very low PAR (< 1 //mol photons 
m 2 s 1 ) over a relatively long period (several seconds 
or tens of seconds), F' is measured over a shorter 
period (tens of ms to several seconds) and F m and 
F m ' are measured over a few tens of ms at the end of 
a saturating pulse. 

Recently, a number of Chi a fluorescence imaging 
systems that use LEDs to provide measuring pulses 
have been developed, which has allowed for the 
PAM-type imaging described above. For example, a 
system described by Nedbal et al. (2000) uses orange 
LEDs to provide measuring pulses and actinic light, 
in combination with an incandescent light source for 
saturating pulses. A system described in Zangerl et 
al. (2002) uses a combination of red and blue LEDs 
to provide actinic light and saturating pulses, while 
using just blue LEDs to provide measuring pulses. 

Two low resolution systems that have recently been 
developed at Essex University use 16 panels of 100 
blue LEDs or orange LEDs to provide a maximum 
PAR (during measuring pulses and measurement of 
F m and F m r ) of 4700 or 6500 //mol photons m 2 s 
respectively, over an area of approximately 120 mm 
x 90 mm. These LED panels are mounted on ball 
and socket joints and arranged in a slightly elon- 
gated dome (to take account of the 4:3 aspect ratio 
of the field of view). This arrangement minimizes 
self shading and simplifies the generation of a uni- 
form light field. Output from the LEDs is regulated 
through pulse width modulation using an ultra-fast 
switching circuit (Bartington Associates, Essex, UK). 
This allows for the incident PAR to be varied from 
less than 5 //mol photons m 2 s 1 up to the maximum 
level, without changing the forward voltage (thereby 




Fig. 1. Schematics of the optical paths for two single light source, 
high resolution imaging systems. A. Single xenon light source sys- 
tem. (i) 75 W xenon lamp; (ii) hot mirror; (iii) 5 mm, heat-treated 
Schott BG39 filter; (iv) neutral density filters, which are moved in 
and out of the light path using an arrangement of solenoids and 
springs; (v) dichroic filter ( Balzers Red Blaze); (vi) objective lens; 
(vii) sample; (viii) camera filter, which is a Schott RG695 or 680 
nm bandpass filter ( for imaging of Chi a fluorescence ) or a 630 nm 
Short-pass filter (for imaging reflected light); (ix) Peltier-cooled 
CCD unit (Wright Instruments, Middlesex, UK); (x) eyepiece. 
B. Single LED light source system, (i) LED array; (ii) dichroic 
filter (Balzers Red Blaze); (iii) objective lens; (iv) sample; (v) 680 
nm bandpass filter; (vi) Back illuminated CCD camera (Dalstar 
BT25). The high sensitivity and relatively fast frame rate of this 
camera negate the requirement for an eyepiece. 



avoiding output instability and spectral variation, 
which are characteristic of voltage regulation). The 
duration of the measuring pulses used is dependent 
on the incident light level (shorter at low PAR, to 
minimize the actinic effect). When imaging at F\ 
F m and F m \ the integration period of the CCD is 
synchronized to the measuring pulse. The camera 
gain is automatically adjusted to make best use of 
the dynamic range of the camera (higher gain at low 
incident PAR, where the measuring pulse is shortest). 
When imaging F 0 , a series of 1 //s measuring pulses 
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are provided at 500 /is intervals within a 25 ms in- 
tegration period. The same LED driving technology 
has also been employed in a high resolution system, 
which uses a single array of blue LEDs to provide a 
PAR of up to 5000 //mol photons nr 2 s _1 (Fig. IB). 
The images presented in Section IVC and all of the 
images presented in Section V were produced using 
these LED-based systems. 

C. Data Compression 

Although the cost of data storage has decreased dra- 
matically in recent years, there are still some tangible 
benefits to be gained from the application of data 
compression. Although compression techniques all 
rely on finding repeated sequences of characters or 
numbers and replacing them with a shorter represen- 
tation, there is no single algorithm that works well 
with all data types and it is perhaps worth mentioning 
two very simple methods that are appropriate for use 
with images of Chi a fluorescence. 

The first method is to reduce the resolution of the 
storage data type. As noted in Section III. A, many 
imaging systems generate 10, 12 or even 14 bit data 
(which are usually stored in a 16-bit format ), even 
though the dynamic range of most cameras is the 
equivalent of 1 2 bits or fewer. It is also very rare for the 
full dynamic range of any camera to be exploited. This 
is particularly true with Chi a fluorescence imaging, 
where potentially large changes in fluorescence yield 
(for example, immediately after a change in actinic 
PAR) make it desirable to leave a large amount of 
headroom. If the highest value within a high resolu- 
tion data array is equal to or less than 255 (2 8 - 1), 
the image can be stored as an 8-bit byte array with 
no loss of resolution. In addition, there may be some 
situations where it is acceptable to trade a slight loss 
of resolution for a decreased storage requirement. 
This can be achieved by right bit-shifting the array 
(dividing by two) until the highest value is equal to 
or less than 255, or by using Eq. (2). 

(x — x . ) • D 

x = (2) 

— x . ) 

where: 

x' = final value 
x = original value 

x max = the highest value within the original data 
array 

x min = the lowest value within the original data 
array 



The second method is to compress the non-fluo- 
rescent areas of images. With many imaging applica- 
tions, there are sizable regions within the imaged area 
that do not contain any fluorescent material, e.g., when 
screening algal cultures growing in a Petri dish, small 
plants growing in a well plate or individual algal cells 
on a microscope slide. After application of a low-cut 
(Section III.E.2) to the original data array to reduce 
any background noise to zero, a long sequence of 
zeros can be replaced by a single zero, followed by 
the number of subsequent zeros. In extreme cases, 
a compression ratio of approximately 100:1 can be 
realized using this method. 

D. Construction of Parameter Images 

1. Estimating Changes in the Fraction of Pho- 
tosystem (PS) II Centers that are Photochemi- 
cal! y Active, Using FJ(F m .F 0 ) 

F v /(F m FJ quantifies the effect of aparticular treat- 
ment on the fraction of PS II centers that are capable 
of photochemistry, independently of any effect of the 
same treatment on the level of downregulation (Baker 
and Dominy, 1980; Dominy and Baker, 1980; Elavaux 
et al. , 1 99 1 ) . This parameter must be normalized to the 
initial state to gain meaningful values. Consequently, 
construction of an image of F v /(F m .F 0 ) can involve 
the use of raw fluorescence images that were taken 
tens of minutes, or even hours apart. On these time 
scales, problems can be experienced with movement 
of the object being imaged. This is particularly true 
with high resolution imaging, where significant 
movement of cells or chloroplasts within cells can 
occur on relatively short time scales. In some cases, 
this movement can be compensated for (Oxborough 
et al., 2000; Section IVB). In other cases, the best 
option is to derive single values for individual cells 
or chloroplasts within each raw fluorescence image 
and then calculate single parameter values (Lawson 
et al., 2002; Section IVC). 

2. Estimating Changes in Non-Photochemical 
Quenching, using FJF m '~ 1 (NPQ) 

The NPQ parameter is widely used to quantify the 
level of non-photochemical quenching of Chi a 
fluorescence. Because it only requires images of F m 
and F m ', it is, in many ways, the easiest fluorescence 
parameter to image. However, as with FJ(F m . F a ), the 
raw images required for construction of NPQ images 
may have been taken a long time apart, which can 
result in problems with sample movement. 
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3. Estimating PS II Photochemical Efficiency, 
using F JF m and F q 7F m ' 

Images of both F v /F m and F 7F m ' require raw images 
(F plus F m and F" plus F m ', respectively) that have 
been taken within a short time frame. Consequently, 
the problems associated with sample movement that 
can be experienced when constructing images of 
F V /(F„. F 0 >orNPQ are far less evident here. However, 
cell movement can still cause problems, as demon- 
strated by the examples in Sections IV.B and C. 

4. Estimating the Maximum PS II Photochemi- 
cal Efficiency and the PS II Photochemical 
Factor, Using F v '/F m and F q 7F v ', Respectively 

Construction of images of these parameters requires 
an image of F 0 \ Although it is often possible to im- 
age F 0 ’ at low resolution, there are many situations 
where the integration time required to obtain a usable 
image is too long (particularly when imaging at high 
resolution). In these situations, images of F ’ can be 
constructed from suitable images of F 0 , F m and F m ’ 
(Oxborough and Baker, 1997b). Even in situations 
where it is possible to image F 0 \ a strong argument 
can be made for using the calculation method ( Section 
1 1 1 . B of Chapter 3 , Baker and Oxborough ). The main 
potential source of error with the calculation method 
is a change in the fraction of PS II centers that are 
photochemically active, between the measurement of 



F m and F m This error can be minimized by imaging 
F„ (and F 0 ) as soon as possible after imaging F m '. 
It is worth noting that this method does not rely on 
complete reversal of non-photochemical quenching 
before imaging F 0 and F m , only that there is no change 
in the level of non-photochemical quenching between 
the measurement of F and F m . 

E. Image Processing 

1. Overview 

It is often the case that the values within an image data 
array only covera small fraction of the possible range. 
Figure 2 A shows an 8 bit F m ' data array, mapped to a 
simple grayscale palette, in which less than 20% of 
the dynamic range is actually occupied (with 98% of 
values falling between 6 and 50, from a total range of 
0 to 255 ). The result is an image that ranges between 
black and very dark gray. This section deals with 
some appropriate ways of improving the presenta- 
tion of fluorescence data, through the application of 
established image processing techniques. 

When presenting images of Chi a fluorescence data, 
it is essential that the grayscales or colors within the 
palette can be related to the underlying data values. 
This is normally achieved by drawing the palette 
against a scale, sometimes in combination with a 
histogram of the data values within the image (some 
examples of this are shown in Sections IV and V). 




Fig. 2. An illustration of image processing techniques that can be used to improve the presentation of fluorescence data. A. F„ data 
array of a mixed diatom population at the surface of an intact bioiilm mapped to a simple grayscale palette. B. The data array in A has 
been stretched so that 98% of the non-zero pixel values cover the entire palette. C. The same data array as in B with gamma correction 
(value of 3.8). applied to the palette. See text fora description of the bottom panels. The scale bar in B represents 10 /an. 
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The original image data array is obviously required 
for purposes other than presentation: raw data arrays 
are required for the construction of parameter images, 
whilst parameter data arrays are often required for the 
extraction of mean values from, for example, different 
cell types within a leaf (Section IV A ) or different cells 
within an algal population (Section IVB and C). With 
some image processing techniques, it is possible to 
apply the processing to the palette, thereby avoiding 
any modification of the original data array. Where 
this is not the case, it is often advisable to apply the 
processing to a copy of the original array. 

2. Removing Unwanted Pixels Through Appli- 
cation of Low Cut and High Cut Filters (Ends- 
in Search) 

A very simple way of improving the contrast within 
fluorescence images is to ‘stretch’ the range of data 
values across the entire palette. The first step in this 
process is to define the appropriate range of values 
to stretch: between 96 and 98% of the pixels within 
the image are typically contained within the selected 
range. These values are then recalculated according 
to Eq. (3). 

(T-^J-Ana* (3) 

— X . ) 

max mm ' 

x = final value 
x = original value 

x min = the minimum value of the selected range 
x max = the maximum value of the selected 
range 

D m;iy = the maximum value of the image data 
type 

Values that lie above and below this range are as- 
signed values of 255 and 0, respectively. In Fig 2.B, 
the data within the arrays presented in Fig. 2. A have 
been stretched across the entire palette, providing far 
more detail than is evident within the original. Quite 
often, very low data values will represent background 
noise, rather than a useful fluorescence signal. It is 
appropriate to remove this noise by applying a low- 
cut filter to the original data. It is clearly important 
that, if a number of images are being compared with 
each other, the same data range be selected for all 
of them. 



3. Enhancing Image Contrast Using Image 
Equalization and Gamma Correction 

Histogram equalization and gamma correction are 
standard methods for improving the contrast within 
a grayscale image. The application of equalization 
results in an equal number of pixels being assigned to 
each grayscale, resulting in a flat histogram of pixel 
values and a high level of contrast throughout the 
entire image. Conversely, the application of gamma 
correction shifts the pixel distribution to the left or 
right, which results in a higher level of contrast in 
the dark or light areas of an image, respectively, but 
a lower level of contrast throughout the other areas of 
the image. With fluorescence imaging, it is generally 
worthwhile to maintain the distribution of pixel values 
within the histogram, as this can assist in visualizing 
the relationship between image and palette. This can 
be achieved by processing the palette, rather than 
the image. Both equalization and gamma correction 
can successfully be applied together, provided that 
equalization is applied first. Fig. 2.C illustrates the 
application of gamma correction (an increase in the 
value of gamma applied to Fig. 2.B). Image equaliza- 
tion should not be applied to the palette of images that 
are being compared in a quantitative way. Gamma 
correction can be applied to the palette of images that 
are being compared, provided that the same value is 
used for all images. 

4. False Color Palettes 

False colorpalettes are commonly used to emphasize 
heterogeneous patterns within images. Although false 
color can obviously be used with both raw and param- 
eter images, it is generally the case that detail within 
raw images is most easily revealed with a grayscale 
palette , while parameter images often benefit from use 
of false color. Examples of false color representation 
are presented in Sections IV and V 



IV. High Resolution Examples 

A. Guard Cell Chloroplasts and Mesophyll 
Cells— PS I Fluorescence and the Reabsorp- 
tion of Short Wavelength Fluorescence 

Although Chi a fluorescence arises primarily 
from the PS II pigment matrix, the yield of Chi a 
fluorescence from the PS I pigment matrix is far 
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from insignificant (Gentyetal., 1990; Pfiindel, 1998; 
Gilmore et al., 2000). Indeed it has been estimated 
that as much as 30% of F o may arise from PS I in C3 
plant species and up to 40% in C4 species (Pfiindel, 
1 998). Current evidence suggests that the yield of Chi 
a fluorescence from PS I is relatively independent of 
PAR (Dau, 1994; Pfiindel, 1998). Consequently, the 
PS I contribution to the fluorescence signal is lower 
at F m and F m ' than it is at F o and F\ thereby decreas- 
ing the values of all of the fluorescence parameters 
discussed in this chapter, other than F q 7F V which is 
unaffected by PS I fluorescence when F a ' is measured 
directly and increased when F/ is calculated (using 
the method of Oxborough and Baker, 1997b). 

The images in Fig. 3 illustrate the impact of PS 1 
fluorescence on imaged fluorescence parameters. 
Part A is a reflected light image of guard cells and 
surrounding mesophyll in a tradescantia leaf. The 
F' images of the same cells in Fig. 3B and Fig 3C 
were taken with a 680 nm bandpass filter or a 695 nm 
longpass filter (Schott RG 695), respectively, in front 
of the camera. With the 680 bandpass filter in place, 
the fluorescence that is imaged is largely restricted 
to the emission peak centered at 683 nm, which is 
dominated by PS II. With the 695 nm longpass filter 
in place, the 683 nm emission peak is largely excluded 



and the PS I contribution to the fluorescence signal 
is greatly increased. 

With this example, minimizing the PS I component 
of the fluorescence signal has produced a significantly 
higher mean value of F 7F m " for the entire imaged 
area (0.60 with the 680 nm bandpass filter in Fig. 
3D against 0.55 with the 695 nm longpass filter in 
Fig. 3E). However, this difference is much smaller 
with the isolated guard cell chloroplasts in Fig. 3F 
and 3G (0.56 and 0.55, respectively). This situation 
is very likely to result from differences in the frac- 
tion of the fluorescence emitted from chloroplasts at 
depth within the leaf that is subsequently reabsorbed 
by chloroplasts close to the surface. When the 680 
nm bandpass filter is used, a very high proportion 
of the fluorescence is reabsorbed because the only 
wavelengths that will pass through this filter are ab- 
sorbed very strongly by Chi a. In contrast, the 695 
filter transmits wavelengths that are not absorbed by 
Chi. Consequently, fluorescence from the underly- 
ing mesophyll cell chloroplasts contaminates the 
fluorescence signal from the guard cell chloroplasts, 
increasing the mean value of F 7F m ' and partially 
offsetting the decrease in F q 7F m ' that results from 
the higher PS I contribution. 




Fig. 3. Images from guard cells and surrounding mesophyll in a tradescantia leaf. A. reflected light image, clearly showing the stomatal 
opening. B. F' image taken with a 680 nm bandpass filter. C. F‘ image taken with a Schott RG695 (695 nm longpass) filter. D and E. 
Images of F q 7 F m ' constructed using B and C, respectively, plus F m ' images taken immediately after B and C. F and G. F q '/F m ' images of 
the chloroplasts within guard cells only, isolated from D and E, respectively. The incident actinic PAR was 93 //mol photons m 2 s *. The 
incident PAR during the saturating pulses used to measure F m ' was 6500 //mol photons m 2 s '. Mean values of F q 7F m ’ in D, E, F and G 
are 0.60, 0.55, 0.56 and 0.55, respectively. The scale bar at the bottom of G represents 50 //m. The palette scale (which is a monochrome 
version of a false color palette) applies to D, E, F and G. See Lawson et al. (2002) for further details. For the original color version of 
this figure see Color Plate 5, Fig. 1 . 
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B. Microphytobenthos within Intact Biofilms 

It has long been appreciated that many diatom species 
within the intertidal zone migrate vertically within 
biofilm structures, at high tide and in response to high 
light. There is also evidence to suggest that changes in 
species composition occur in response to a wide range 
of other environmental factors, including ultraviolet 
B radiation, temperature and salinity (Blanchard et 
al., 1996; Barranguet et al., 1998; Underwood et al., 
1999). However, it is only with the development of 
high resolution imaging of Chi a fluorescence that 
it has been possible to observe these changes occur- 
ring within intact biofilms structures. Some sample 
images of cells within intact biofilm structures are 
presented in Figs. 4 and 5. From such images, it is 
often possible to classify cells to the genus level 
and, therefore, to make fairly detailed assessments 
of changes in bioiilm composition, something that 
cannot be achieved with reflected light images. 

The construction of parameter images of cells 
within intact bioiilms can be very time consuming. 
This is because many species tend to move during 
the taking of the two or more required raw images 
(Section III. A). TTie example given in Fig. 5 illustrates 
this problem. Although the F and F m ' images in Fig. 
5 A and 5B were taken within a time w indow of less 
than 3 s, a number of cells have moved a significant 
distance between images. This can clearly be seen in 
the unprocessed F 7F m ' image in Fig. 5C. With cells 
that have moved, the cell is composed of areas that 
are either much too bright (where the cell is present 
in the F m ’ image, but not the F w image) or too dim 



(where the opposite situation exists). The simplest 
method for generating values from individual cells is 
to isolate the cell and derive a mean value from both 
images (Section IV.C). However, if the cell hasn’t 
moved too far, and hasn’t rotated significantly in any 
plane, it is possible to nudge the cell within one im- 
age to coincide with the same cell in the other image 
(Oxborough et al., 2(XX)). This has been done with 
each of the cells within the image in Fig. 5D. 

C. Pelagic Algae 

Imaging of pelagic algae is one of the most challeng- 
ing applications of high-resolution imaging of Chi a 
fluorescence. Not only can these cells be very small 
(often less than 5 ,//m across), but many taxa are also 
very motile, which frequently limits the integration 
time. Clearly, a camera with high quantum sensitivity 
is of great benefit in this application. The images in 
Fig. 6 were taken using a camera that incorporates a 
back illuminated CCD sensor (Dalstar BT25, Dalsa, 
Ontario, Canada). The high sensitivity of this sensor 
has allowed for an image of F c to be acquired, even 
though the uppermost cell is clearly very motile 
(having moved several micrometers between the F 0 
and F m images). Although movement has prevented 
the construction of an FJF m image for the uppermost 
cell, thereby preventing the calculation of an FJF m 
mean value on a pixel by pixel basis, it has been 
possible to derive an integrated mean value for this 
cell, based on the sum of pixel values within the F 0 
and F m images. 




Fig 4. Examples of high resolution F m images from intact biofilms, which illustrate differences in species composition. A and C were 
collected from Alresford Creek. Essex, UK. B was collected from Colne Point. Essex. UK. Many of the cell types in A and B tire identi- 
fied to the genus level in Fig. 5. The large cells in C are Staurophora sp.. while the small cells are Navicula sp. The scale bar below A 
and B represents 20 um. Ihe scale bar below C represents 5 pm. Images were taken using the instrument in Fig. 1 A. 
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0.19-0.60 



Fig. 5. High resolution images taken from an intact biofilm. A. 
F’ image taken over 200 ms at an incident PAR of 200 //mol 
photons nrr 2 s '. B. F m ' image taken during the last 40 ms of 
a 400 ms saturating pulse at an incident PAR of 6500 /anol 
photons m 2 s '. C. Image of F q 7F m ' constructed from A and B, 
which illustrates the movement of cells between the F' and FJ 
images being taken. D. Image of F 7F m * constructed from cells 
that were isolated within A and B and then nudged together to 
gain the best possible overlap. Cells can usually be identified 
to the genus level within raw or parameter images. Within D. 
(i) Euglena sp.; (ii) PI agio tro pis sp.; (iii) Pleiitvsignia sp.: (iv) 
Cylindwtheca sp.; (v) Gyrosigma sp. The white scale bar at the 
bottom of D represents 200 //m. See Oxborough et aL 2000, for 
further details. See Color Plate 5. Fig. 2. 



V. Low Resolution Examples 

A. The Infiltration of 3-(3,4-dichlorophe- 
nyl)-1, 1’dimethylurea (DCMU) into Leaves 
through the Transpiration Stream 

A favorite Chi a fluorescence imaging demonstration 
is to submerge the petiole of a detached leaf into a 
solution of a PS II herbicide (such as DCMU) and 
image the increase in fluorescence that occurs around 
the main vascular system as the herbicide is taken 
up, through the transpiration stream, when the leaf 
is illuminated with bright light. 
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Fig.6. Images of two unidentified pelagic algae, which were 
isolated from a water sample taken from the Odense Fjord. De- 
mark on 21* August, 2002. Cells were concentrated onto a Hack 
Nucleopore filter. A. F a image taken over an integration period 
of 48 ms. during which 1 ps pulses of approximately 5000 //mol 
photons nr 2 s _1 were provided at 500 ps intervals. B. F m image 
taken during an integration period of 12 ms at the end of an 800 
ms saturation pulse. C. FJF m image constructed from A and B. 
The numbers on the images are mean values for each cell. In C, 
the number in brackets at the top of the image is an integrated 
mean for the cell at upper lefi in A and B. while the lower number 
is a pixel mean for the adjacent cell. A pixel mean could not be 
calculated for the upper cell in C because it had moved several 
pm in the 800 ms interval between the taking of the F a and F m 
images. The scale bar in C represents 20 pm. Images were taken 
using the LED based system described in Section III.A and by 
Fig. l.B. See Color Plate 5. Fig. 3. 



The images in Fig. 7 are from a detached leaf of 
Comus sp., the petiole of which was submerged in 
a 10 mM solution of DCMU. The imaging system 
used incorporated a JAI M10RS progressive scan 
CCD camera. Chi a fluorescence was defined using 
a Schott RG665 (665 nm longpass) filter. 16 banks 
of 100 blue LEDs (470 nm peak output) were used 
to provide actinic illumination, saturating pulses 
and measuring pulses. Further details of the lighting 
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Fig. 7. Fluorescence images from a detached leaf of Cornu s sp.. which had it's petiole submerged in a 10 mM solution of DO MU for the 
entire experiment. The incident PAR was 300 //mol photons nr 2 s~ l . Images of F' were generated by synchronizing the camera shutter to 
a 1 ms measuring pulse at a PAR of 4600 //mol photons m 2 s _l . To produce images of F m and F m \ a sequence of images was taken at 20 
fps over the last 600 ms of an 800 ms saturating pulse. The image with the higliest mean value was taken to be the F w or F m ’ value. The 
remaining images were discarded. The PAR of the saturating pulse and measuring pulses during this procedure was 4600 /unol photons 
nv 2 s _l . Images of F 0 were generated by applying 2 //s pulses, at a PAR 4600 //mol photons nr 2 s _l , at 400 //s intervals during a 16.7 ms 
exposure. In A - C, the larger images are of F q '/F m The smaller images to the left of the false color images are the F' image (leftmost) 
and F m ' image that were used in construction of the F 7 F m ' images. Tliese pairs of images were taken after 60 s (A), 1 h (B) and 2 h (C) 
illumination. In D. the larger image is of F v /F m . The smaller images to the left are tire F 0 (leftmost) and F m images used in construction 
oftheF v /F w image. This pair of images was taken after 2 h illumination, followed by 30 min dark-adaptation. The histograms to the right 
of the images show how data values are mapped to the palette. The numbers below the histograms reflect the range of values represented 
by the x-axis in each case. The scale bar in D represents 20 mm. See Color Plate 5, Fig. 4. 



system are given in Section III.B. 

After 60 s illumination at a PAR of 300 //mol pho- 
tons nr 2 s 1 (Fig. 7A) there is little or no evidence 
of DC MU infiltration, with values of F q V F m ' being 
reasonably uniform across the leaf. After 1 h and 2 
h illumination (Fig. 7B and 7C), the infiltration of 
DC MU is increasingly evident from the lower values 
along the main veins within the F q V F m image and 
the higher fluorescence yield within the same regions 
of the F r and F m r images. The higher fluorescence 
yields along the main veins within the F r images can 
primarily be attributed to a large fraction of PS II cen- 



ters within these regions being driven into the closed 
state, as DCMU effectively competes with plastoqui- 
none for the Q B binding site. This cannot explain the 
higher fluorescence yields within the main veins of 
the F m images, however, since most PS II centers 
across the remainder of the leaf will also be closed, 
by the saturating pulse used to measure F m \ Instead, 
the increased fluorescence yield along the veins is 
very likely due to a lower level of non-photochemical 
quenching, which is almost certainly an indirect effect 
of the inhibition of photosynthetic electron transfer 
by DCMU within the affected regions. 
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Fig. 8. Methods for the isolation of multiple plants within an image. A. B and C are all from the same Arabidopsis sp. plants growing 
within a 96 well plate. The 12 columns of plants were treated with different amounts of Imazapyr. 48 h before measurements were 
made. Each well received 15 //L of Imazapyr in 50% acetone. 'Hie concentrations applied were (left to right): 0. 8 mM. 4 niM. 0.8 mM, 
0.4 mM. 0. 0, 8 mM. 4 mM. 0.8 mM. 0.4 mM, 0. Columns 6 and 12 are controls (no acetone). Details of the imaging system and all 
lighting conditions (actinic light, saturating pulses and measuring pulses) are the same as described for Fig. 7. A. F' image after non- 
tluorescent pixels have been removed using a low-cut Alter (Section III.E.2). Circles highlight wells that contain more than one plant. 
B. Individual plants have been identified in A. using an algorithm which searches for blocks of connected pixels. C. F/F m image from 
the same sample of Arabidopsis plants and in A and B. which has been divided into 96 zones, using vertical and horizontal lines. Mean 
values for all plants within each column are, from left to right: 0.81. 035, 031*0.45, 0.71,0.81, 0.81, 0.36. 0.32. 0.51, 0.65, 0.78. D. 
Histogram showing the distribution of F v /F m values in C. See Color Plate 5, Fig. 5. 



B. The Screening of Multiple Samples Within 
a Single Field of View 

For imaging of Chi a fluorescence to form an effec- 
tive part of any screening method, it is essential that 
individual samples within the field of view can be 
isolated quickly, and that the process of isolation is 
as automated as possible. Although different situa- 
tions call for different isolation procedures, the first 
step will generally be to exclude non-sample pixels 
within the image using a low-cut filter (Section III. 
E.2). Here, the choice of material for the sample 
container becomes very important. If the material is 
highly reflective, scattered fluorescence can make it 
difficult to define a suitable low-cut value. Conversely, 
if an opaque, non-reflective material is used, there 
tends to be a very clear div ision between the val ues of 
sample and non-sample pixels, making it much easier 
to automate the low-cut operation. Figure 8 A shows 
an F ' image of Arobidopsis sp. plants growing in agar 



within a black 96 well plate that has been subjected 
to an automated low-cut operation. Details of the 
imaging system and all lighting conditions (actinic 
light, saturating pulses and measuring pulses) are the 
same as described in Section V.A. 

Following the low-cut operation, the next stage is 
to define the individual samples within the imaged 
area. This can be achieved using a relatively simple 
algorithm, which searches for groups of connected 
pixels (Fig. 8B). Although this ‘low-cut then search’ 
approach is ideal in some situations (for example, in 
the isolation of algal colonies within a petri dish), 
parts A and B of Fig. 8 reveal some problems with 
this approach when it is applied to plants within a well 
plate. Firstly, it is often the case that more than one 
group of connected pixels will be isolated within a 
single well; seven occurrences ofthis are highlighted 
by circles in Fig. 8A and Fig. 8B. Secondly, empty 
wells and irregular plant growth make it very difficult 
to create a general purpose algorithm thatwill reliably 
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match samples with well numbers. 

An alternative method is to simply divide a well 
plate image into a number of zones, each zone cor- 
responding to a well, or group of wells (Fig. 8C). Fol- 
lowing the low-cut operation, it is a simple matter to 
calculate a mean value for the remaining pixels within 
each zone. In this particular example, each column 
of plants had been treated with a different quantity 
of the herbicide Imazapyr. Imaging was performed 
48 h after treatment. Although there are very clear 
correlations between Imazapyr concentration and 
FJF m values, there were no detectable effects of 
Imazapyr on plant size or appearance. 

C. Using an Imaging System as a Real-Time, 
Multi-Channel Integrating Fluorometer 

Most CCD cameras are capable of taking a minimum 
of 20 frames per. second (fps), which is more than 
adequate for recording a continuous fluorescence 
trace. An obvious extension of this technique is to 
record separate traces from different areas of an 
image. Possible applications include the recording 
of separate fluorescence traces from different plants 
or leaves within the imaged area, multiple regions 
within a developing leaf, and infected and non-in- 
fected areas of a leaf or plant that is suffering fungal 
or viral infection. 

The example in Fig. 9 shows continuous fluores- 
cence traces from four attached wheat leaves that had 
been grown under Mn-deficient conditions. Leaves 1 
and 2 in Fig. 9 A are cultivars that are tolerant of Mn- 
deficient conditions, while leaves 2 and 4 are cultivars 
that are intolerant of Mn-deficient conditions. Images 
defining the required pixels for each leaf were created 
before data acquisition was started; the image in A is 
a composite of these four images. Images were then 
taken at each data point, from which the controlling 
computer program calculated a mean value for each 
leaf before the next data point was taken. Details of 
the imaging system and all lighting conditions (actinic 
light, saturating pulses and measuring pulses ) are the 
same as described in Section VA. 



VI. The Immediate Future and Concluding 
Remarks 

At the time that the first Chi a fluorescence imag- 
ing system was described by Omasa et al. (1987), 
technological limitations and high costs inhibited 



the widespread application of what was obviously 
a potentially valuable technique. By the mid 1990s, 
however, improved camera and frame grabber perfor- 
mance, coupled with a substantial drop in the price 
of suitable hardware, allowed for the development of 
a number of very capable and cost effective Chi a 
fluorescence imaging systems (Omasa et al., 1987; 
Daley et al., 1989; Fenton and Crofts, 1990; Genty 
and Meyer, 1995; Siebke and Weis, 1995; Scholes 
andRolfe, 1996; Oxborough and Baker, 1997a; Os- 
mond et al., 1999; K upper et al., 2000; Nedbal et al., 
2000; Rolfe and Scholes, 2002; Zangerl et al., 2002; 
Chapter 14, Nedbal and Whitmarsh). 

At the time of writing, there are inexpensive digital 
cameras available that use CMOS sensors with high 
well capacity (making them suitable for imaging 
in natural, until tered light) and very high frame 
rates (making it possible to image rapid changes in 
fluorescence yield). In addition, there are relatively 
cheap analogue and digital CCD cameras available 
that are sensitive enough to image F a at low and 
intermediate resolution (down to the level of small 
groups of leaf cells and large, non-motile unicellular 
algae) and also (more expensive) back illuminated 
and cooled CCD cameras that can be used to image 
F a at high resolution. Consequently, it is now possible 
to source a camera to image Chi a fluorescence under- 
most lighting conditions, to resolve rapid changes in 
fluorescence yield and to generate images of all of 
the commonly used fluorescence parameters across 
a large range of spatial levels. In short, it is unlikely 
that the functionality of future Chi a fluorescence 
imaging systems will be limited by the performance 
of available cameras. 

As noted in Section III.A, data transfer between 
camera and computer memory is normally via a 
dedicated frame grabber. As an alternative, there are 
now camera systems that allow for data transfer to the 
host computer through the USB 2.0 or IEEE-1394 
(Firewire ) port that is incorporated into many personal 
computers, including laptop computers. Both USB 
2.0 and Firewire offer maximum data transfer rates 
that are comparable to low-priced analogue frame 
grabbers (480 Mbits s _1 and 400 Mbits s _1 for USB 
2.0 and Firewire, respectively, compared with 500 to 
800 Mbits s“‘ for analogue). Another recent develop- 
ment in the area of data transfer between camera and 
computer is the Camera Link standard, which is used 
and supported by many of the major manufacturers 
of frame grabbers and digital cameras. This standard 
(which currently requires a dedicated PCI frame grab- 
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F/g. 9. Sample data illustrating the use of a fluorescence imaging system as real-time, multi-channel fluorometer. Four attached wheat 
leaves were imaged over 51 min. Leaves 1 and 3 are from plants that were tolerant of Mn deficient conditions. Leaves 2 and 4 are from 
plants that were susceptible to Mn deficient conditions. All four plants had been grown under Mn deficient conditions. Trace points 
were constructed by averaging all the pixels for each leaf as images were taken. Points were taken at 2.4 s intervals when measuring F 0 , 
200 ms intervals at F' and 50 ms intervals during measurement of F w and F m '. Details of the imaging system and all lighting conditions 
(actinic light, saturating pulses and measuring pulses) are the same as described for Fig. 7. A. F v /F ni image constructed from F' and 
F m ' images that were taken at the first saturating pulse (after 1 min). B. Histogram showing the distribution of FJF m values in A. C. 
Continuous fluorescence traces from each of the leaves shown in A. The numbers on the traces correspond to the numbers on the leaves 
in A. The ‘up’ and ‘down' arrows indicate where the actinic light was switched on and off. 



ber) provides sustained data transfer rates of between 
1.6 Gbits and 4.8 Gbits s" 1 (i.e. between 4 and 12 
times the maximum rate of USB 2.0 or Firewire). 
Consequently, although it is possible to construct 
a Chi a fluorescence imaging system around either 
USB 2.0 or Firewire, Camera Link offers the largest 
bandwidth and highest performance potential. 

One ofthe biggest challenges in Chi a fluorescence 
imaging has been the design and implementation of an 
adequate lighting system. In particular, it has proven 
difficult to provide a combination of high PPFD and 
evenness of illumination over a large area. Continu- 
ing improvements in laser and LED technology are 
making this task much easier. A great benefit of 
these sources is that they can be switched on and off 
within a very short time frame, making it possible 
to overlap the emission spectrum of the actinic light 
source and the detector. Alternatively, the increased 



availability of relatively cheap CMOS cameras with 
high well capacity make it much easier to construct 
Chi a fluorescence imaging systems that use unfiltered 
light sources: since a high well capacity equates to 
a high dynamic range, it becomes more acceptable 
to Moose’ a fraction of this dynamic range through 
the PAM-type method described in Section 1II.B. A 
down side to using CMOS cameras is their compara- 
tively low sensitivity, which makes it more difficult 
to image F a . Cameras that utilize CCD sensors with 
high well capacity are available, but these are only 
produced in small numbers and are likely to remain 
an expensive option. 

In conclusion, the continuing decrease in the cost 
of sensor cameras and related hardware, and the 
emergence of commercially available systems, make 
it likely that Chi a fluorescence imaging will move 
rapidly from being a specialized laboratory method 
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to one that is as widely used as conventional (inte- 
grating) Chi a fluorometry is now. Although imaging 
of Chi a fluorescence can provide new insights into 
a whole range of physiological issues, by allowing 
for the investigation of heterogeneous phenomena, 
it seems likely that the majority of instruments 
will actually be used to provide the functionality 
of multiple conventional fluorometers; primarily in 
screening programs. 

Fluorescence imaging of leaves and algal cells is 
now being extended to lifetimes of Chi a fluorescence 
(Holub et al., 2000). 
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Summary 

Recent developments of LIDAR (Light Detection and Ranging )-based fluorosensing techniques have provided 
efficient tools for ground truth monitoring of vegetation. In addition, there are reports of passive detection of 
chlorophyll fluorescence based on the FLD ( Fraunhofer Line Discriminator) principle. Further, measurements 
of reflectance changes in the green part of the spectrum provides access to the efficiency of photosynthesis. 
In this chapter, we examine these emerging techniques in order to evaluate their potential for application at 
different integration levels, from leaf to canopy. The necessary preparatory steps towards a space mission and 
the information that will be gained from satellite measurements are also evaluated. 
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I. Introduction 

Plants occupy a preponderant place in the biosphere, 
not only by producing biomass, but also due to their 
role in biogeochemical cycles and gas exchanges with 
the atmosphere, particularly C0 2 uptake. Fig. 1 (A) 
shows the solar spectrum. Chlorophylls (Chi) are the 
photosynthetic pigments underlying the processes 
of primary production and they are probably the 
only constituent of the biosphere to fluoresce in the 
red and far-red (Fig. IB). The emission of light (as 
fluorescence) is produced after absorption of light by 
a mechanism directly in competition with the photo- 
chemical conversion (see Chapters 1, Govindjee; 2, 
Papageorgiou; 11, Schreiber; 12, Strasser et al.; 18, 
Krause and Jahns; 27, Cavender-Bares and Bazzaz; 
and 30, Falkowski et al.). Although weak (less than 
2% of absorbed energy) this emission is widely used 
to evaluate photosynthetic activity of the leaves in 
the laboratory. 

In addition to Chi fluorescence (ChlF) emission, 
the ultraviolet part of the solar spectrum also excites a 
blue-green fluorescence (BGF, Fig. 1 B) of plants. This 
emission, which is not directly linked to Chi or to pho- 
tosynthesis, is species dependent and originates from 
several fluorophores, mainly of the phenylpropanoid 
family. As described in two reviews (Buschmann and 
Lichtenthaler, 1998; Cerovic etal., 1999), BGF could 
be used at different levels for the identification and 
cartography of plant species, detection of stress, and 
estimation of foliar temperature. However, it will not 
be discussed in depth here. 

Methods for the assessment of photosynthetic 
activity at distance using ChlF (fluorosensing 1 ) have 
been introduced thanks to the new developments in 
laser sources. These sources have improved the pos- 
sibilities to excite and detect plant fluorescence owing 
to their high pulsed energy and to the small diver- 
gence of the emitted beam. The concentration of the 
energy into a short nanosecond or picosecond pulse 
increases the ratio of fluorescence to ambient light 
and enables their discrimination. The first LIDARs 
(Light Detection And Ranging) based on laser exci- 
tation have therefore been also used for the analyses 
of fluorescence signals emanating from aquatic or 
terrestrial vegetation (Hogeand Swift, 1983; Hogeet 
al., 1983). For measuring photosynthetic productivity 



“Remote fluorescence sensing’ is defined in the literature as 
fluorosensing; therefore, we will not use ‘remote’ in front of 
fluorosensing. 
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Fig. 1. (A) Solar spectrum at sea level. Vertical lines represent 
the position and the intensity of main Fraunhofer lines. Dashed 
lines: oxygen absorption bands due to terrestrial atmosphere. 
Continuous line: absorption lines due to the solar atmosphere. 
Ha and Hp are hydrogen lines (see Table 1) (B) Continuous 
line: fluorescence emission spectrum of a grapevine leaf excited 
at 355 nm. Dashed line: reflectance spectrum of the same leaf. 
BGF: blue-green fluorescence; RF: red fluorescence; FRF: far-red 
fluorescence. All curves are in relative units. 



of various types of ecosystems by fluorosensing (see 
also Chapters 29, Cavender-Bares and Bazzaz; 30, 
Falkowski et al.; and 31, Raven and Maberly). 

The possibility to extract Chi fluorescence emis- 
sion from reflectance measurement, using the FLD 
(Fraunhofer Line Discrimination) principle, is now 



Abbreviations: APAR- absorbed photosynthetic active radiation; 
BGF -blue-green fluorescence; Chi -chlorophyll; ChlF - chloro- 
phyll fluorescence; FG VI -fluorescence global vegetation index; 
FI PAM - frequency induced pulse amplitude modulation; FLD 
-Fraunhofer line discrimination; FL1DAR -fluorescence LIDAR; 
F m - maximum Chi fluorescence level from dark adapted leaves; 
F,' - maximum Chi fluorescence level in light; F 0 - minimal 
Chi fluorescence level from dark adapted leaves; FRF - far-red 
fluorescence; F s - stationary Chi fluorescence level in light; F v 
- variable Chi fluorescence; GPP - gross primary production; 
LIDAR - light detection and ranging; L1F - laser-induced fluo- 
rescence; Nd:YAG- neodymium doped yttrium aluminum garnet; 
NDVI - normalized difference vegetation index; PAM - pulse 
amplitude modulation; PAR - photosynthetic active radiation; 
PPFD - photosynthetic photon flux density; PRI - physiologi- 
cal reflectance index; RF - red fluorescence; <|) - relative (Chi) 
fluorescence yield; <j) s - stationary (Chi) fluorescence yield; t 
-mean (Chi) fluorescence lifetime 





Chapter 16 Remote Sensing of Chlorophyll Fluorescence 



431 



available. FLD is based on reflectance measurements 
in the vicinity of absorption lines of the solar atmo- 
sphere in which solar radiation is greatly reduced. 
This approach has been tested on terrestrial plants 
by McFarlane et al. (1980) and Carter et al. (1990). 
Based on the same principle, oxygen absorption 
bands of the solar radiation by the terrestrial atmo- 
sphere (Fig. 1 A ) have been used to monitor ChlF in 
relation to photosynthesis (Moya et al., 1992, 2001; 
Kebabian et al., 1999; Evain et al., 2001). Changes 
in the green part of the spectrum that accompany 
changes in illumination, detected using high spectral 
resolution of leaf reflectance, have also been related 
to efficiency of photosynthesis) Gamon et al., 1990; 
Penuelas et al., 1995). 

This chapter aims to examine the above-mentioned 
emergent techniques and to evaluate their potential 
application for monitoring photosynthesis at differ- 
ent scaling levels, from a single leaf to whole plant 
canopies. We attempt also to analyze the potential of 
such measurements made from a satellite platform 
and assess the prerequisites for a space mission. 



II. Ground Based Measurements 

A. Active Fluorosensing 

Active fluorosensing has greatly benefited from re- 
cent progress in optoelectronics. In order to measure 
prompt fluorescence (in contrast to delayed fluores- 
cence) under natural conditions (i.e., in the presence 
of daylight ) most systems have relied on brief periodic 
excitation pulses (<1 ps). Synchronized detection 
is generally used to extract the fluorescence signal 
from the continuous background light. It is possible 
to avoid significant perturbation of the light climate 
of the sample by keeping the frequency of repetition 
sufficiently low. Measurements are non-invasive 
and, thus, can be applied during extended periods of 
time. The excitation wavelength is often chosen to 
be below 400 mn (e.g. 355 nm, the third harmonic 
of Nd:YAG lasers). This is because the international 
safety recommendations and regulations favor the 
use of UV lasers for eye safety reasons. For instance 
the exposure limit is hundred times lower above this 
400-nm wavelength threshold (ICNIRP, 1996). 

One limitation of fluorescence LIDAR systems 
(FLIDAR) is that they measure fluorescence inten- 
sities, and by consequence, they are influenced by 
factors that modify excitation pulses and detected 



signals, including distance, atmospheric transmis- 
sion, geometry and movements of the plant. These 
limitations can be overcome by using emission or 
excitation ratios as fluorescence signatures. 

1. The Red to Far-Red Fluorescence Emis- 
sion Ratio 

The Red Fluorescence/Far-Red Fluorescence (RF/ 
FRF) (or F685/F735) ratio was the first signature 
introduced by Lichtenthaleretal. (1986; Chapter 28, 
Lichtenthaler and Babani ). This ratio depends on the 
Chi content of the leaf and on leaf anatomy. Owing 
to the selective re-absorption of leaf red fluorescence 
(RF) by the Chi itself compared to far-red fluorescence 
(FRF), which is not affected (Rabinowitch, 1951), 
there is a decreasing exponential dependence of this 
ratio on the leaf Chi content, observed in many plant 
species (Gitelson et al., 1998). Unfortunately, the 
RF/FRF ratio is largely affected by changes in Chi 
content only at values lower than 30 pg cm -2 , i.e. in 
pale (chlorotic) leaves (Gitelson et al., 1998). Nev- 
ertheless, the RF/FRF ratio is useful in monitoring 
the degradation of Chi, carotenoids and the photo- 
synthetic apparatus in leaves of Xerophyta scabrida 
during slow desiccation (Csintalan et al., 1998). It 
must be mentioned, however, that most environmental 
stresses are expected to modify only slowly the leaf 
Chi content. 

The RF/FRF ratio can also show changes of small 
amplitude at constant Chi content. Changes in the 
RF/FRF ratio have been detected during the diurnal 
cycle (in the range from 0.75 to 1.15) (Valentini et 
al., 1994; Agati et al., 1995 ) and under temperature 
stress (Agati et al., 1995, 1996, 2000). The depen- 
dence of this signature on irradiance indicates that 
these changes are due to a change in the level of 
non-photochemical quenching of ChlF (see Chapters 
11, Schreiber; 18, Krause and Jahns; 19, Bruce and 
Vasil’ev; 20, Golan et al.; and 21, Gilmore). 

2. Two-Wavelength Excitation of Chlorophyll 
Fluorescence 

Phenolic compounds, mainly hydroxycinnamic acid 
esters and flavonoid glycosides, present in the cell 
walls and vacuoles, respectively, are good UV absorb- 
ers and will therefore efficiently screen the emission 
of Chi located in the mesophy 11 (Cerovicetal., 1999). 
As a consequence, ChlF excited below 400 mn is one 
to two orders of magnitude lower than when excited 
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Fig. 2. Linear relationship (R 2 = 0.93) between the FRF(ex360)/ 
FRF(ex440) ratios and nitrogen (N) content in corn, measured 
at different times during its growth. From Samson et al. (2000). 
Far-red fluorescence (FRF) excited (ex) at 360 or 440 nm. 



in the visible part of the spectrum (Cerovic et al., 
1999). This screening effect can also be exploited 
for a quantitative assessment of phenolic compounds, 
present mainly in the epidermis, by comparing the 
leaf ChlF excited in the UV and the visible part of the 
spectrum (Bilger et al., 1 997) or by comparing overall 
ChlF excitation spectra (Sheahan, 1996; Cerovic et 
al., 2002). New FLIDARs using double (Ounis et al., 
2001) or multiple (Samson et al., 2000) excitation 
wavelengths have been designed and used to validate 
this approach for fluorosensing (Ounis et al., 2001), 
and to follow the accumulation of phenolic com- 
pounds in nitrogen deficient maize plants (Samson et 
al., 2000) (Fig. 2). In the work of Ounis et al. (2001), 
the DE-FLIDAR, for Dual-Excitation LIDAR, was 
also used to check a new fluorescence signature that 
combines the double excitation and double emission 
approach. The double fluorescence ratio (DER), red 
(685 nm) to far-red (735 nm) fluorescence emission 
ratio, excited at 355 and 532 nm, was shown to linearly 
depend on the leaf Chi content, for a large range, from 
20 to 70 jug enr 2 , which is naturally found in leaves 
of most plant species (Fig. 3). 

3. Measurement of the Blue to Red or Blue to 
Far-Red Fluorescence Emission Ratio 

An interesting approach to explain the changes of 




Fig. 3. The dependence of the dual fluorescence emission ratio 
(ordinate) on the chlorophyll content of the leaf. Red fluores- 
cence (RF) and far-red fluorescence (FRF) were recorded under 
strongly absorbed (355 nm) and weakly absorbed (532 nm) 
excitation wavelength. Then, the RF/FRF ratio obtained at the 
two wavelengths was used to construct the double excitation ratio 
(DER). A linear fit gives already a correlation coefficient of 0.99 
although the physical model of leaf absorption and fluorescence 
emission shows curvatures at extreme values of chlorophyll 
(Ounis et al., 2001). 

UV-induced fluorescence in nutrient-deficient plants 
is to use the carbon-nutrient balance hypothesis that 
is widely accepted by chemical ecologists (Bryant et 
al., 1987; Baas, 1989; Price et al., 1989). According 
to this hypothesis, excess of fixed carbon relative 
to the plant’s resources (high carbon-nutrient ratio) 
stimulates the shikamate pathway and therefore the 
production of plant phenolics (Price et al., 1989; 
Waterman and Mole, 1994). Increases of total plant 
phenolics have indeed been observed in nutrient- 
deficient plants (Bryant et al., 1987; Price et al., 
1989; Waterman and Mole, 1994). The increases of 
the BGF/ChlF ratios observed in N-deficient plants 
(Chappelle et al., 1984; Heisel et al., 1996; Corp 
et al., 1997; Buschmann and Lichtenthaler, 1998) 
are also consistent with the carbon-nutrient balance 
hypothesis. 

All of the above-mentioned findings led us to pro- 
pose in 1 995 a new vegetation index based on fluo- 
rescence measurements — the Fluorescence Global 
Vegetation Index (FGVI) (Cerovic etal., 1995, 1999) 
(Fig. 4). The proposal to use a normalized fluores- 
cence ratio (ChlF - BGF)/(ChlF + BGF) as a global 
vegetation index of nutrient shortage and presence 
of stress is now strengthened by the knowledge of 
the UV-screening effect of the secondary metabolites 
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Fig. 4. Fluorescence global vegetation index (FGVI). The size of the oval symbolizes leaf development and expansion, and the sizes of 
the abbreviations they encircle, Chi for chlorophyll, and Phen for phenylpropanoids, represent their respective content in the leaf. BGF 
= blue-green fluorescence. After Cerovic et al. (1995, 1999). 



described above. Low FGVI or high simple BGF/ChlF 
ratio is a global indication of nutrient shortage induced 
either by an accumulation of fluorescent phenolics, 
which contribute to BGF increase, or accumulation 
of non-fluorescent phenolics, which by screening 
UV-excitation of Chi, contribute to ChlF decrease. 
The FGVI would be interesting at the regional and 
global level, like the reflectance Normalized Dif- 
ference Vegetation Index (NDVI), but its practical 
application will depend on the development of 
airborne LIDARs at the regional level, and passive 
fluorosensing in the Fraunhofer lines for the global 
level (Moya et al., 1992). 

4. Utilization of Chlorophyll Fluorescence 
Lifetime 

An alternative to the measurement of the ChlF yield 
(<|>) is to use the mean fluorescence lifetime, x (Moya 
etal., 1986; Chapters l,Govindjee; and 21, Gilmore). 
The use of x in ChlF remote sensing is based on 
several studies showing that in most physiological 
situations, x is roughly proportional to (j) (Moya 1 974; 
Cerovic et al., 1996). As x is an intensive physical 
property of the fluorescence decay, it is independent 



of the geometry of the leaf, the concentration or the 
absorption of the fluorophore and of the atmospheric 
transmission. Thus, it is a very valuable tool. Most 
importantly, x has been shown to be almost insensitive 
to ChlF reabsorption (Terjung, 1998), which greatly 
helps quantitative measurements on leaves. 

A system for measuring ChlF lifetime of plants 
from a distance (x-FLIDAR) was successfully 
developed at the Laboratory for the Utilization of 
Electromagnetic Radiation (LURE) in Orsay (Goulas, 
1992; Goulas etal., 1994, 1997; Moya etal., 1995). It 
was based on the use of a laser delivering very short 
pulses (< 1 00 ps) and on the temporal analysis of fluo- 
rescence and backscattered signals detected by a fast 
photomultiplier and a digital transient recorder. The 
time domain of the system (its time response of 0.35 
ns corresponds to the time that light takes to travel 
12 cm) forced us to use a two-step deconvolution 
procedure (Camenen et al., 1996). This procedure is 
well adapted to complex fluorosensing targets, like the 
presence of several leaves at different surface planes 
and even stems in the field of view. A first deconvolu- 
tion was applied to the backscattered laser light from 
the target to retrieve the relative position of each 
leaf illuminated by the laser beam. In a second step, 
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this information on the position of the illuminated 
leaves was used to calculate the mean ChlF lifetime 
(Camenen et al., 1996; Goulas et al., 1997). 

The x-FLIDAR was used on individual leaves 
from a distance of 1 5 m, to track the variation of the 
mean ClilF lifetime as a function of the plant water 
status (Cerovic et al., 1996). One important result of 
this work is that the parameter x s (ChlF lifetime in 
the steady state) has been shown to be a good indi- 
cator of stomata closure and, consequently, can be 
used as an indicator of water stress (Cerovic et al., 
1 996 ). Another important advantage is the ability to 
determine the spatial position of leaves within the 
canopy by analyzing the backscattered signal after 
the picosecond excitation (Camenen et al., 1996; 
Goulas et al., 1997). The structure of canopies is of 
particular interest for the evaluation of the intercepted 
radiation in radiative transfer models. 

Among LIDAR techniques, remote sensing of the 
mean fluorescence lifetime (by x-FLIDAR) appears 
to be the most robust method, at the cost, however, of 
a sophisticated and expensive technology, necessary 
to achieve the sub-nanosecond temporal resolution. 
For a broader application of this method, further tech- 
nological progress is still necessary. Another method 
for the measurement of the mean ChlF lifetime at 
distance has been proposed by Sowinska et al . ( 1 996) 
that involves the use of a fast streak camera. 

5. Imaging Systems 

The FLIDAR imaging systems are based on bi- 
dimensional matrix detectors (Saito et al., 1999; 
Sowinska et al., 1999) (see also Chapters 14, Nedbal 
and Whitmarsh; 1 5 , Oxborough; and 28 , Lichenthaler 
and Baani ) or on ‘raster’ systems that reconstitute the 
image pixel by pixel (Johansson et al., 1996). Their 
spatial resolution allows one to take into account the 
heterogeneity of leaf or canopy fluorescence. Imaging 
FLIDARs use many emission fluorescence ratios. Of 
particular interest is the truck-based laser-induced 
fluorescence imaging system described by Sowinska 
et al. (1999). This remote sensing unit records im- 
ages of fluorescence excited at 355 nm and detects 
consecutively at four wavelengths (440, 520, 690 
and 730 nm) through band pass filters. In addition, a 
second detection unit is installed inside the truck for 
measurements on detached leaves under laboratory- 
like conditions. This system was used to discriminate 
between wheat plants submitted to different fertiliza- 
tion rates (Heisel et al., 1997a, 1997b). 



6. Microlidars 

The method of saturating light pulses, introduced 
almost two decades ago by Schreiber et al. (1986) 
(Chapter 11, Schreiber), has multiplied the possi- 
bilities of measuring ChlF in the laboratory. Several 
commercial instruments allow precise measurements 
of variations of fluorescence yield under full daylight 
conditions, from which one can deduce the photo- 
synthetic electron transfer rate (Genty et al., 1989) 
(Chapter 3, Baker and Oxborough; Chapter 18, 
Krause and Jahns; Chapter 12, Strasser et al.). Still, 
most of these instruments are intended to operate at 
near contact. 

Recently, a PAM 101 fluorometer (Heinz Walz, 
Effeltrich, Germany) has been modified for con- 
tinuous monitoring of the steady state ChlF (Fs) at 
distances up to several meters (Ounis et al., 2001b). 
It is based on a laser diode, emitting at 638 nm, and 
a Fresnel lens coupled to the regular detection unit. 
The detection unit has also been modified to measure 
simultaneously both the modulated fluorescence and 
the light reflected by the leaf. Reflected light showed 
a good estimation of the photosynthetic active radia- 
tion (PAR) measured exactly at the same area as the 
fluorescence. However, by this transformation, the 
possibility to measure at distance has been obtained, 
but the possibility to saturate Chi F was precluded. 
This restriction was overcome by a new type of 
fluorometer, the FIPAM (Frequency Induced Pulse 
Amplitude Modulation) (Cavender-Bares et al . , 1 999; 
Flexas et al., 2000; Apostol et al., 2001). 

The FIPAM is a small laser diode-based FLIDAR, 
able to measure steady state Chi F levels (Fs) from 
a distance of up to 6 m, at a very low repetition rate 
(1 Hz), or the minimum (Fo) level in the dark. The 
maximum ChlF level (Fm) is obtained by increasing 
the frequency of repetition up to 1 00 kHzthat saturates 
ChlF even in a 6-m distant leaf (Flexas et al., 2000 ). 
Figure 5 shows a scheme of the FIPAM principle. 
This system was intended as a reference tool for 
other LIDARs, or to calibrate passive fluorescence 
measurements (see below). 

The FIPAM fluorometer was used to follow con- 
tinuously, for 17 days during the development of 
water stress, variable ChlF, both at Fs and Fm, of a 
potted grapevine. Figure 6 shows the relationship 
between the parameter (Fm' - Fm)/Fm' (Fm' being 
maximum ChlF in light, and Fm in dark) and light 
intensity in the afternoon. Two days, before and 
after recovery from water stress, were compared. 
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Fig. 5. Scheme of the frequency- induced pulse amplitude modulation (FIPAM) fluorometer. A laser-dicxle beam at 635 nrn is modulated 
at different frequencies with constant amplitude and duration (2 ps) and focused on a leaf by a microscope objective. Working distances 
were adjustable in the range from 0.5 to 6 m. Fs (or Fo) are measured at 1 Hz. (average intensity of 0.05 junol photons nr 2 s _I ). Ftn (or 
Fm) is induced by increasing the frequency to 100 kHz (average intensity ranges between 2000 and 10000 pmol nr 2 s _1 . depending on 
focusing). The Chi fluorescence induction kinetics can also be acquired with a time resolution of 10 ps. Leaf fluorescence signal (F) is 
collected by a lens and focused on a PIN photodiode, after passing through a high-pass filter (> 670 nm). In addition, a continuous signal 
(R) is recorded corresponding to the reflected light by the leaf. R is proportional to the photosynthetically-active photon flux density 
(PPFD) at the exact place were F is measured. The instrument is controlled by a computer with a specially designed program, which 
allows continuous measurement over several days. T temperature; PAR photosynthetically active radiation. 



It was observed that the stressed plants exhibited a 
lower capacity to recover after high light exposure. 
This shows that the photorespiration-linked electron 
flow, known to be favored under drought conditions 
(Cornic and Briantais, 1991), was not sufficient to 
protect the chloroplast from photoinhibition (Flexas 
et aL, 2000). 

An instrument measuring at a few tens of meters, 
based on the FI PAM principle, is technically feasible. 
However, the eye-protection recommendations and 
standards (ICNIRP, 1996) precludes the use of high 
power focused laser beams, necessary to saturate 
fluorescence. This is why most of the applications 
of fluorescence, under field conditions, are based 
on the measurement of the Fs. Although lower than 
that of Fm, the variations of Fs can be up to 100% 
(Cerovic et al., 1996). 

Several studies have been devoted to the under- 
standing of Fs changes in relation to environmental 
constraints to which plants are subjected (Cerovic et 
al., 1996; Rosema et al., 1998; Flexas et al., 2000). 



Figure 7 shows that valuable information on the wa- 
ter status of a vine plant can be obtained by simple 
measurements of Fs during natural light changes. 
In this experiment, the two parameters, ChlF and 
reflected light, were measured from exactly the same 
spot of the leaf, which is one of the special features 
of the FIPAM. The results shown in Fig. 7 can be 
interpreted as follows. When the stomata are open, the 
photochemical quenching (see Chapters 3, Baker and 
Oxborough; 11, Schreiber; 19, Bruce and Vasil’ev; 
and 22, Adams and Demmig- Adams) determines 
the actual fluorescence level. An increase in the light 
intensity modifies the equilibrium of the electron 
transport chain in the direction of the reduction of 
intermediates, which is accompanied by an increase 
of ChlF. In water-stressed plants, with closed stomata, 
once the electron flow to 0 2 is saturated (Cornic and 
Briantais, 1991) the non-photochemical quenching 
takes over and induces a decrease in Fs (see chapters 
by Adams and Demmig-Adams, Bukhov and Carpen- 
tier, and Krause and Jahns). Under these conditions, 
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Fig. 6. The AF/Fm' = (Fm' - Fs)/FnT parameter plotted against photosynthetic photon flux density (PPFD), where Fs is the stationary 
chlorophyll fluorescence level in light, and F^ the maximum chlorophyll fluorescence level during a short saturating flash. This parameter 
reflects the operational efficiency of Photosystem 11 (cf. Chapter 3, Baker and Oxborough). Afternoon data of a diurnal cycle of a potted 
vine plant ( Vitis vinifera L.) are presented. Open squares: well watered plant. Closed circles: the same plant after water was withheld 
for several days (Ismael Moya, unpublished). 




Fig. 7. Comparison of the stationary Chi fluorescence (Fs) (left 
ordinate) and photosynthctic photon flux density (PPFD) (right 
ordinate) in a potted vine plant ( Vitis vinifera L.) as a function 
of time. Measurements were done with the FIPAM fluorometer 
at a distance of 1 m. PPFD variations are due to clouds. (A) Well 
watered plant. (B) Same plant after several days of withholding 
water. Note the anti-parallel correlation between Fs and PPFD. 
a.u.= arbitrary units (Ismael Moya, unpublished). 



any increase in light decreases further the Fs. 

B. Passive Remote Sensing 

Under natural sunlight illumination, the amount of 
ChlF emitted by a leaf represents a very small fraction 
of the reflected light in the visible part of the spectrum. 
However, at certain wavelengths where the solar spec- 
trum is attenuated (Fraunhofer lines), the fluorescence 
signal can be quantified. The positions of the main 
Fraunhofer lines in the solar spectrum were shown 
in Fig. 1 A. In this figure, the low-resolution emission 
spectrum of the solar radiation at the sea level (1A) 
is compared to the fluorescence emission excited in 
the UV, and the reflectance spectra of a green leaf 
(IB), as already noted in the Introduction. 

In the red and near infra-red part of the solar 
spectrum, three main absorption lines are present: 
the Ha at 656 nm, which is due to absorption by the 
hydrogen gas of the solar atmosphere, whereas the two 
lines at 687 nm and 760 nm are due to absorption by 
the molecular oxygen of the terrestrial atmosphere. 
These lines largely overlap with the ChlF emission 
spectrum of leaves. One way to obtain information 
on the fluorescence from the whole reflectance signal 
is to use the FLD (Fraunhofer Line Discrimination) 
method. In short, this method compares the depth of 
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Fig. S. Fraunhofer lines discrimination (FLD) principle. The method is based on the partial filling of the absorption lines by the sun 
excited emission of the luminescent target. The calculation supposes that the wavelengths at which a and b (or c and d) are measured 
remain sufficiently close to consider reflectance and fluorescence constant. 



the line in the solar irradiance spectrum to the depth 
of the line in the radiance spectrum of the plant. 
Figure 8 summarizes the principle, and shows related 
equations. The output parameters are the fluorescence 
contribution (f) to the light coming from the target 
and the reflectance coefficient ( R ). R is defined as the 
ratio between the energy flax reflected by the sample 
in a given solid angle and the energy flux reflected by 
a white lambertian surface, under the same conditions 
and for the same solid angle. James Plascyck was the 
first to introduce the FLD method to fluorosensing 
in 1975 (Plascyk, 1975). The work of Plascyck has 
been extended now to the oxygen absorption bands 
(Moya et al., 1998; Kebabian et al., 1999). 

1 Chlorophyll Fluorescence Measurements 
in the Oxygen Absorption Bands 

Atmospheric oxygen absorption bands provide in- 
formation in both the RF region (B band at 687 nm) 
and in the FRF region (A band at 760 nm) (see Fig. 
1 A). We therefore developed a detector that allows 
accurate and continuous measurement of fluorescence 
at 760 nm by utilizing a reference (spectralon) placed 
next to the plant under the same solar illumination. 
A schematic of the apparatus and of the configura- 
tion of the measurement is shown in Fig. 9. Figure 



10 shows an example of a continuous monitoring 
of ChlF of a bean plant with this instrument. In this 
particular experiment, the integration time was set to 
1 s, which is sufficiently rapid to permit good tracking 
of irradiance changes during cloudy periods. One can 
see that the ChlF changes are positively correlated 
with PPFD at the beginning of the experiment (Fig. 

IOA) : an increase in the light intensity modifies the 
equilibrium of the electron transport chain in the 
direction of reduction of intermediates, which is 
accompanied by an increase of ChlF. After several 
hours of strong illumination under water stress (Fig. 

IOB) , non-photochemical quenching predominates, 
as a result of stomata closure induced by the water 
deficit (see above). The Fs decreases when the light 
intensity increases. Reciprocally, Fs increases when 
the non-photochemical quenching relaxes, following 
a decrease in light due to clouds cover. These results 
are very similar to those shown in Fig. 7, and provide 
clear evidence that passive measurements of Fs us- 
ing oxygen absorption bands may be as sensitive as 
active measurements. 

An instrument measuring passive fluorescence 
simultaneously at two wavelengths, 687 and 760 
nm, was also used for small canopies of barley or 
pea plants grown in trays of 0.2 nr (Evain et al., 
2001). Changes in ambient light induce variations 
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Fig. 9. Components of the Chi fluorescence detector for passive fluorescence measurements in the oxygen absorption band, at 760 
nrn. 1, reference; 2, target; 3, chopping mirror; 4, field stop; 5, high-pass filter; 6, polarization cube; 7, view finder; 8, beam splitter; 9, 
interference filter (758.5 nm); 10 & 13, lenses; 1 1 & 14, photodiodes; 12, interference filter (760.5 nm). 



in ChlF, similar to those seen in individual leaves. 
These results can be easily extended directly to in- 
the-field ChlF measurements on targets of several 
square meters. This can be useful in the detection 
of periods of reduced photosynthesis, and for the 
estimation of photosynthetic fluxes from Chi fluo- 
rosensing. Independently of this work, an American 
company, Aerodyne, has patented an instrument for 
passive remote sensing based on ChlF-induced lu- 
minescence of oxygen (Kebabian et al., 1999). This 
instrument, which measures also at 687 and 760 nm, 
but without a reference, could follow the changes in 
the F687/F760 ratio linked to nitrogen deficiency in 
wheat (Kebabian et al., 1999). 

Although passive Chi fluorosensing using the 
oxygen bands is still in its infancy, it appears very 
promising thanks to its capacity to gather informa- 
tion at different integration levels, from a leaf to a 
whole canopy. Most importantly, information on 
reflectance is obtained with the same instrument, at 
the same time, in the same channels than those used 
for the fluorescence and with the same field of view. 
From it, the NDVI = (R760-R687)/(R760+R687) 
can be calculated, and used as an indicator of green 
biomass. 




Fig. 10. Stationary chlorophyll fluorescence (Fs) (left ordinate, 
in arbitrary units, a.u.) and photosynthetic photon flux density 
(PPFD) (scale on the right ) of a bean plant ( Phaseolus vulgaris) 
as a function of time. Measurements at 760 nm were made at a 
distance of 2 m with the instrument described in Fig. 9. PPFD 
variations are due to clouds. (A) A few minutes after light expo- 
sure. (B) Same plant after several hours of strong illumination. 
Note the anti-parallel correlation between Fs and PPFD. Although 
obtained with a passive method, these results are very similar to 
those shown in Fig. 7 (Ismael Moya, unpublished). 
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Fig. 11. Upper panel: Simultaneous measurement of the physiological reflectance index (PRI) and the stationary chlorophyll fluorescence 
level (Fs, in arbitrary units, a.u., left ordinate) during a diurnal cycle on a vine plant under mild water-stress conditions. PRI is measured 
over the whole plant. Fs is measured with the F1PAM fluorometer on a single leaf. Both parameters vary in parallel with light variations. 
Lower panel: Photosynthctically-active photon flux density (Ismael Moya, unpublished). 



2. Utilization of the Green Reflectance 

Another reflectance channel, in the green part of the 
spectrum, where Chi has a minimum of absorption, 
has been known for some time to vary in response 
to changes of photosynthetic membranes. Gamon 
et al. (1990) were the first to show under outdoor 
conditions that the variations of reflectance at 531 
nm upon a dark-to-light transition correlated with 
zeaxanthin formation in leaves (Chapter 20, Golan 
et al.; Chapter 21, Gilmore; Chapter 22, Adams and 
Demmig- Adams). This formation of zeaxanthin 
underlies partly the mechanisms of non-photochemi- 
cal quenching. An optical indicator, PRI = (R53 1 
- R570)/(R53 1 + R570), was used to monitor these 
changes. This indicator can be measured continu- 
ously and at distance with the aid of the instrument 
described in Fig. 9, by simply replacing the original 
set of filters with filters centered at 53 1 and 570 nm 
(Moyaetal., 1998). Figure 1 1 illustrates the potential 
of PRI in revealing stress situations. A vine plant 
grown in a pot was not watered for 8 days. This 
treatment leads to mild water stress, which reverses 
within 24 hours after re-watering. PRT was measured 
over the whole plant whereas ChlF was measured in 



parallel using the FIPAM fluorometer on a fixed leaf 
situated at the center of the foliage. The variation of 
Fs during a diurnal cycle follows a ‘M’ shaped curve 
characteristic for water stressed plants (Cerovic et al., 
1 996). Under high light conditions, Fs increases when 
clouds decrease the irradiance, which corresponds to 
the relaxation of the non-photochemical quenching. 
It can be seen that the curve of PRI shows a general 
pattern very similar to that of Fs (Fig. 11, upper 
panel), with a strong inverse correlation in details 
produced by light variations (Fig. 1 1, lower panel). 
This correlation was maintained despite a notice- 
able presence of wind during the experiment. In the 
case of an irrigated plant, the Fs decreases much 
less at midday. At the same time, PRI also displays 
smaller variations (I. Moya, unpublished). Although 
the phenomena involved in the variations of PRI are 
still not all elucidated, this parameter presents many 
advantages in vegetation remote sensing related to 
its nature (a differential measurement of reflectance) 
that permits its application from the plant level to 
the canopy level. However, at larger scales, this 
physiological signal can be blurred by the variation 
of pigment composition in heterogeneous populations 
and the presence of non-green material (Gamon et 
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al., 1995). The instrument described by Evain et al. 
(2001) performs measurements of PRI, F687 and 
F760 at the same time and on the same target. 



III. Long Distance Fluorosensing 

The question addressed in this section concerns the 
evaluation of the possibility of fluorescence detec- 
tion from a space platform and the advantages of the 
measurement of this parameter. A knowledge of the 
functioning of the vegetation is a prerequisite for 
the understanding of the role of terrestrial vegeta- 
tion in sequestering atmospheric carbon. Satellite 
measurements appear to be the best way to obtain the 
necessary repetition and the spatial coverage for the 
estimation of vegetation functioning at the regional 
or global level. Passive fluorosensing, as discussed 
in the preceding paragraphs, naturally meets this 
need because it is based on reflectance. As such, the 
detected signal does not depend on distance as long 
as the target remains homogeneous in the field of 
view (atmospheric corrections will be considered 
later). Natural fluorescence, which is by definition 
excited by solar light, appeared well suited for a 
continuous seasonal monitoring of crop fields, from 
the top of a tower for example, like the one used for 
meteorological instruments. Passive techniques may 
also provide a two dimensional image by utilizing a 
matrix detector. At certain important moments dur- 
ing plant development, passive fluorescence remote 
sensing could be complemented by airborne measure- 
ments, if necessary. 

Passive fluorescence measurements in the oxygen 
absorption bands could fulfill these demands provided 
that they become independent of the reference target 
(Moya et al., 1 998). This could be obtained by a better 
knowledge of the physical processes that determine 
the actual shape and depth of absorption bands, in 
order to model it as a function of the air mass. Work 
towards this goal is in progress. Furthermore, the use 
of solid state laser technology has largely improved 
the reliability of FLIDAR systems. New parameters, 
like excitation ratios, also contribute to renew the 
interest in FLIDAR systems. Thus, the question 
arises if such instrumentation can be used to mea- 
sure ground targets from a space platform revolving 
at an altitude of 400 km. A first estimation, based 
on a pulsed excitation and a detection time window 
of 20 ns, indicate that the minimum pulse energy 
needed to induce and detect ClilF would be in the 
order of one Joule per pulse (Ounis, 2001). But this 



was calculated for the case of night measurements. 
Under daylight conditions, however, much higher 
energies are required because of the contribution of 
ground albedo. At the present time, the use of such a 
powerful laser from a space platform seems unrealis- 
tic. Taking this into account, the technical approach 
retained for long-range fluorosensing of vegetation 
would be the FLD technique using the Ha and H|> 
Fraunhofer lines. 

A. Detectability of Chlorophyll Fluorescence 
Under Solar Excitation 

The most interesting Fraunhofer lines 2 for passive 
fluorosensing of vegetation are listed in Table 1 . From 
these data, the expected radiance coming fr om vegeta- 
tion into the Ha line can be estimated by comparing it 
to the known radiance measured in the oxygen bands 
(measured with the device depicted in Fig. 9). The 
comparison takes into account the width of the lines 
(0.144 vs. 1 nm), the intensity of the fluorescence 
at the considered wavelength (0.2 vs. 1), and the 
line depth (16 vs. 5%). This estimation predicts the 
fluorescence in the Ha line to be approximately 100 
times lower than the one measured in the oxygen 
absorption band at 760 nm. An improvement of 100 
of the detection sensitivity of the instrument described 
in Fig. 9 is technically possible, so one may conclude 
that ChlF in the Ha line can be measured with a sig- 
nal-to-noise ratio similar to the one presented here for 
the oxygen absorption band at 760 nm (Ismael Moya, 
unpublished). One can also deduce from this estima- 
tion that the fluorescence to incident light ratio will be 
of the order of 1 to 2 x 10 -3 in the Ha line, which is 
in good agreement with direct measurements (Carter 
et al., 1990 ). Based on the ChlF emission spectrum, 
two other lines at 685.5 and 738.9 nm (Table 1) seem 
to be very well situated. However, measurements in 
these lines would be difficult because of their very 
low width and their shallowness. 

1. Detectability of Blue-Green Fluorescence 
Under Solar Excitation 

Several Fraunhofer lines are well situated in the 
blue part of the fluorescence emission spectrum of 

2 Although, structures in the solar spectrum arising from atomic 
absorption should be called lines and those arising from molecu- 
lar absorption should be called bands, all structures are called 
Fraunhofer lines. But, for those arising from the absorption of 
atmospheric molecular oxygen that are much wider and structured, 
the word band is also often used. 
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Table 1. Fraunhofer lines in the solar spectrum at sea level of interest for passive fluorosensing of vegetation. Data from Goulas (1992) 
and Juliette Louis (unpublished). The H and g lines are due to calcium absorption, G', F and C to hydrogen, \ to magnesium, B and 
A to oxygen. We added two minor absorption lines due to iron (Fel) that are well situated for chlorophyll fluorescence detection, but 
they are quite shallow. 



line characteristics 


H 

Call 


g 

Cal 


G' 

Hy 


F 


b 1 

Mgl 


C 

H a 


B 

o 2 


Fel 


Fel 


A 

o 2 


central wavelength (nm) 


396.8 


422.7 


434.0 


486.1 


518.4 


656.3 


687 


685.5 


738.9 


760 


FWHM 1 (nm) 


1.44 


0.15 


0.35 


0.132 


0.16 


0.144 


0.7 


0.012 


0.021 


1 


shallowness 2 (%) 


4.1 


2.4 


17 


14 


7 


16 


30-60 3 


44 


41 


5-25 3 


fluorescence intensity 4 
(WnrUinr 1 ) 


- 


0.06 


0.075 


0.07 


0.05 


0.2 


2 


2 


2.2 


1 



iFWHM: full width at half maximum. 2 Shalowness, or band depth, is expressed as the intensity at the bottom of the Fraunhofer line 
compared to the continuum, depending on the air mass. Estimated fluorescence intensity under solar excitation at the central wave- 
length of the Fraunhofer lines. 



vegetation (Table 1); therefore, it is important to 
assess also the detectability of fluorescence in these 
lines. Because there are no direct measurements yet 
of BGF excited by the UV part of the solar radia- 
tion, we have tried to estimate it for wheat leaves by 
integrating the product of the fluorescence excitation 
spectrum of blue fluorescence measured at 486.1 
mn (HP line ) and the intensity of the solar radiation 
spectrum at ground level. The same treatment was 
applied, for the same set of leaves, for ChlF measured 
at 656.3 nm (Ha line). This comparison shows that 
the radiant flux at 486.1 nm is almost three times 
smaller than the expected flux at 656.3 nm (0.07 
vs. 0.2; see Tablel). As the shape of the Hp and Ha 
lines are similar (Table 1), we concluded that blue 
fluorescence could be detectable in the Hp line with 
a signal-to-noise ratio only marginally inferior to the 
one of fluorescence measured in the Ha line (J. Louis, 
Z. G. Cerovic and I. Moya, unpublished). However 
this result may vary by a large extent depending on 
the plant species (wheat being the most favorable 
case with a large BGF), the age of the plant and light 
climate experienced by the plant. 

B. Modeling Atmospheric Effects 

Atmospheric effects may considerably perturb long 
distance measurements using the FLD method. These 
effects may be grouped into three main types: i) at- 
tenuation of the signal, ii) albedo of the atmosphere, 
iii ) line filling. The first two phenomenaare relatively 
well known and several models have been developed 

3 The computer program PcModWin, which contains the program 
MODTRAN version 4, is available from Ontar Corporation, North 
Andover, USA (http://www.Ontar.com). 



for their correction, MODTRAN 3 , 6S, FASCOD. 
However, as they have been established for larger 
bands it is necessary to evaluate their applicability to 
other Fraunhofer lines. It is expected that they would 
decrease the signal by 50% in the blue and by 30% in 
the red, depending on the amount of aerosols. 

The third phenomenon, line filling, has several ori- 
gins, including Rayleigh-Brillouin scattering, Raman 
scattering, and aerosol fluorescence. These effects 
are described in the literature as the ‘Ring effect’ 
(Grainger and Ring, 1 962). The strongest contribution 
is assigned to rotational Raman scattering by nitrogen 
and oxygen molecules. The filling-in of Fraunhofer 
lines bythe above described effects can be easily mod- 
eled (Vountas et al., 1998; Sioris and Evans, 1999) 
but, although weak, their correction is important to 
obtain correct fluorescence estimations. 

C. Constraints on Detection Systems 

As shown in Table 1, the spectral bandwidth neces- 
sary to measure in the Ha or H|> lines must be bet- 
ter than 1 A, and better than 0.1 A if using the Fel 
lines at 685.5 or 738.9 nm. The need of such high 
spectral resolution is the main limitation of FLD-type 
measurements. High spectral resolution is generally 
obtained using Fabry-Perot type interferometers 
(Plascyk, 1975). An alternative solution, based on 
a sophisticated imaging grating spectrometers with 
two channels, red and blue, has also been proposed 
(Stoll et al., 1999). 

A consequence of the high spectral resolution is 
a low light flux, leading to a minimum pixel size of 
several kilometers at ground; however, the pixel size 
is limited by the availability of sufficiently homoge- 
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neous observable zones. At least two channels (BGF 
and RF ) are mandatory. Imaging capability would be 
ensured by an array detector or by the push-broom 
method, where the movement of the platform is used 
to acquire data in one direction and the movement of 
the optics (mirror) in the other. 

D. Information Accessible from Airborne or 
Space Platform 

1. Changes in Chlorophyll Fluorescence Yield 

We mentioned above that continuous monitoring of 
Fs as a function of excitation light provides important 
information on the operation of energy dissipation 
pathways. This is supported by publications showing 
that a robust relationship exists between the stationary 
fluorescence yield <J> S and C0 2 assimilation for a given 
light intensity (Flexas et al., 2000, 2002; Rahman et 
al., 2001). Rahman et al. (2001) used both the PRI 
and the NDVI indices derived from AVIRIS imaging 
survey (Boreas project) to estimate the photosynthetic 
photon-use efficiency. They compared their results 
with direct measurements of eddy covariance C0 2 
fluxes and found a good correlation between the 
two methods. We expect that similar results could be 
obtained using <|> s , as we have shown in a previous 
section that both the PRI index and <|) s exhibit almost 
the same variations during a daily cycle in response 
to light variations (Fig. 11). 

From a moving platform, minute variations of Fs 
as a function of ambient light, as shown in previous 
sections, may become undetectable. Unlike active 
fluorosensing, which measures a relative fluores- 
cence yield, passive fluorosensing only measures 
the amplitude: 

Fs = <j) s APAR (1) 

where <j> s and APAR are the ChlF yield, and the ab- 
sorbed photosynthetic active radiation, respectively. 
APAR can be estimated from the reflectance signals 
measured by the FLD method. A relative fluorescence 
yield can be calculated by dividing Fs by the reflected 
signal, as shown in Moya et al. (1998). 

As illustrated for water stress in a previous sec- 
tion, the transition from a healthy to a stress situation 
may be detected by measuring the changes of <|> s as a 
function of the ambient light. Thus, passive fluores- 
cence remote sensing may improve our knowledge 
of the vegetation status in a specific and unique way, 
as it is known that the reflectance signal, if the Chi 



concentration is not affected, is silent to this type 
of effects. 

Fluorescence measurements can also be useful for 
the estimation of gross primary production (GPP). 
GPP is a product of 3 factors: 

GPP = s *f *e (2) 

where s is the incident solar radiation, f is the fraction 
of photosynthetic active radiation absorbed by the 
vegetation and e is the efficiency of photosynthesis. 
It is well established that the effects of the environ- 
mental constraints influence the factor f through the 
foliar surface. But they also affect the photosynthetic 
efficiency e (Ruimy et al., 1995). This is of particular 
importance for forest vegetation in which leaves 
remain in place for 5 to 6 months (deciduous) or for 
several years (evergreen). Thus, by introducing the 
explicit dependency of e on (j> s into plant productivity 
models, their predictions would be greatly improved 
(Chapter 29, Cavender-Bares and Bazzaz). 

2. Estimation of Absorbed Photosynthetically 
Active Radiation 

Under favorable conditions (non-stressed plants), 
the variations of (|> s are small (Flexas et al., 2000) 
and can be estimated. If <j> s is known, it results from 
Eq.(l ) that the amplitude of Chi F (Fs) contains direct 
information on the absorbed photosynthetic active 
radiation (APAR). This parameter could become a 
quantitative measurement of the APAR if it is mea- 
sured at a wavelength not influenced by the reabsorp- 
tion of Chi F. Chi F emission is generated after light 
absorption, within the photosynthetic apparatus, as 
a deactivation pathway directly in competition with 
the photochemical conversion. In addition, Chi F is 
an isotropic emission. It follows that Chi F should 
provide a better estimate of APAR than reflectance, 
which refers to light simply reflected by the leaf 
surface and is subject to directional effects. To our 
knowledge, Chi fluorosensing has not yet been used 
towards this goal. 

3. Chlorophyll Fluorescence Emission Ratios 

BGF provides potential information on the vegeta- 
tion type in the field of view, on the presence of 
stress, and could be used for an estimation of leaf 
temperature. BGF is inversely correlated with leaf 
temperature, and its variation can reach 5% per °C. 
After calibration, the BGF signal may be used as a 
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remote thermometer (Bongi et at., 1994; Morales et 
al., 1998). One application of this property would be 
the detection of water stress in the field. Water-stress is 
accompanied by an increase in leaf temperature due to 
closure of stomata and decreased transpiration, which 
would decrease BGF. However, the most interesting 
prospect for the use of BGF concerns the use of the 
BGF/FRF ratio, or the fluorescence vegetation index, 
FGVI = (BGF - FRF)/BGF + FRF), as presented in 
Fig. 4. This figure incorporates the carbon-nutrient 
hypothesis, discussed in the previous sections, and 
could have important implications for remote sensing. 
Simultaneous measurement of BGF and Fs could also 
be useful in normalizing the variability of Fs. 

The ratio of F685/F735 is another important 
signature of plants that depends on the concentra- 
tion of Chi and leaf anatomy. This parameter is well 
adapted for studies in the autumn (Fall) when the 
leaves senesce. 



IV. Concluding Remarks 

It is surprising that even after a quarter of a century of 
research on satellite detection of ChlF, no operational 
system has yet been developed. This is also true, to 
a smaller extent, for airborne, or even ground based 
FLIDARs, knowing the limited number of these 
instruments in operation. One explanation could be 
that the technical capability to perform ChlF measure- 
ments at distance was already advanced compared to 
the capacity to understand the underlying mechanisms 
of ClilF changes. For a long time, ChlF studies re- 
mained confined to the laboratory (Govindjee et al., 
1986; Govindjee, 1995; Chapter 1, Govindjee) and did 
not attain the status of a remote sensing signal, usable 
in an operational way. This situation has changed dur- 
ing the last decade, thanks to the increasing research 
on the photosynthetic regulation mechanisms at the 
leaf level that permitted a much better understanding 
of the significance of ChlF variations. 

Scaling-up fluorosensing from the leaf to the whole 
plant, or even to the canopy, implies that we take 
into account the diversity of many parameters, age, 
climate, irradiance, angle of observation, for each 
individual leaf. Changing the spatial scale is also 
accompanied by a change in the temporal scale of the 
concerned phenomena, which may extend throughout 
the day (diurnal cycle) or even the season. 



Acknowledgments 

We acknowledge the support of the CNRS (Centre 
National de la Reserche Scientifique) through the 
GDR 1536 ‘FLUOVEG’ program. We thank also 
all the members of the team ‘Photosynthesis and 
Remote Sensing’ of LURE for the data used in this 
manuscript and Govindjee and G. Papageorgiou for 
the thorough editing of the manuscript. 



References 

Agati G, Mazzinghi P, Fusi F andAmbrosini 1(1995) The F 685/730 
chlorophyll fluorescence ratio as a tool in plant physiology: 
Response to physiological and environmental factors. J Plant 
Physiol 145: 228-238 

Agati G, Mazzinghi P, di Paola ML, Fusi F and Cecchi G (1996) 
The F685/F730 chlorophyll fluorescence ratio as indicator of 
chilling stress in plants. J Plant Physiol 148: 384-390 
Agati G, Cerovic ZG and Moya I (2000) The effect of decreasing 
temperature up to chilling values on the in vivo F685/F735 
chlorophyll fluorescence ratio in Phaseolus vulgaris and Pisum 
sativum : The role of the Photosystem I contribution to the 735 
nm fluorescence band. Photochem Photobiol 72: 75-84 
Apostol S, Briantais J-M, Moise N, Cerovic ZG and Moya I (2001) 
Photoinactivation of photosynthetic electron transport chain 
by accumulation of over-saturating light pulses given to dark 
adapted pea leaves. Photosynth Res 67: 215-227 
Baas WJ (1989) Secondary plant compounds, their ecological 
significance and consequences for the carbon budget. In: 
Lambers H (ed) Causes and Consequences of Variation in 
Growth Rate and Productivity of Higher Plants, pp 313-340. 
SPB Academic Publishing, The Hague 
Bilger W, Veit M, Schreiber L and Schreiber U (1997) Mea- 
surement of leaf epidermal transmittance of UV radiation by 
chlorophyll fluorescence. Physiol Plant 101: 754-76 
Bongi G, Palliotti A, Rocchi P, Moya I and Goulas Y (1994) 
Blue-green fluorescence excited by UV laser on leaves of 
different species originates from cutin and is sensitive to leaf 
temperature. Plant Cell Environ 17: 777-780 
Bryant JP, Chapin FSI, Reichardt PB and Clausen TP (1987) 
Response of winter chemical defense in Alaska paper birch 
and green alder to manipulation of carbon/nutrient balance. 
Oecologia 72: 510-5 14 

Buschmann C and Lichtenthaler HK (1998) Principles and 
characteristics of multi-colour fluorescence imaging of plants. 
J Plant Physiol 152: 297-314 

Camenen L, Goulas Y, Guyot G, Cerovic ZG, Schmuck G and 
Moya I (1996) Estimation of the chlorophyll fluorescence 
lifetime of plant canopies: Validation of a deconvolution 
method based on the use of a 3-D canopy mockup. Remote 
Sens Environ 57: 79-87 

Carter GA, Theisen AF and Mitchell RJ (1990) Chlorophyll fluo- 
rescence measured using the Fraunhofer line-depth principle 
and relationship to photo synthetic rate in the field. Plant Cell 
Environ 13: 79-83 

Cavender-Bares J, Apostol S, Moya I, Briantais J-M and Bazzaz 
FA ( 1999) Chilling-induced photoinhibition in two oak species: 




444 



Ismael Moya and Zoran G. Cerovic 



Are evergreen leaves better protected than deciduous leaves? 
Photosynthetica 36: 587-596 

Cerovic ZG, Goulas Y, Camenen L, Guyot G, Brian tais J-M, Mo- 
rales F and Moya I (1995) Scaling fluorescence signals from the 
chloroplastto the canopy level. In: Guyot G (ed) Photosynthesis 
and Remote Sensing, pp 21-27. EARSeL, Montpellier 

Cerovic ZG, Goulas Y, Gorbunov M, Briantais J-M, Camenen 
L and Moya I (1996) Fluorosensing of water stress in plants. 
Diurnal changes of the mean lifetime and yield of chlorophyll 
fluorescence, measured simultaneously and at distance with a 
x-LIDAR andamodified PAM-fluorimeter, in maize, sugarbeet 
and Kalanchoe. Remote Sens Environ 58: 31 1-321 

Cerovic ZG, Samson G, Morales F, Tremblay N and Moya I 
(1999) Ultraviolet-induced fluorescence for plant monitoring: 
Present state and prospects. Agronomie: Agriculture Environ 
19: 543-578 

Cerovic ZG, Ounis A, Cartelat A, Latouche G, Goulas Y, Meyer 
S and Moya I (2002) The use of chlorophyll fluorescence 
excitation spectra for the nondestructive in situ assessment 
of UV-absorbing compounds in leaves. Plant Cell Environ 
25: 1663-1676 

Chappelle EW, McMurtrey JE, Wood FM and Newcomb 
WW (1984) Laser-induced fluorescence of green plants. 2: 
LIF caused by nutrient deficiencies in com. Appl Opt 23: 
139-142 

Comic G and Briantais J-M (1991) Partitioning of photosynthetic 
electron flow between C0 2 and 0 2 in a C 3 leaf (. Phaseolus vul- 
garis L.) at different C0 2 concentrations and during drought 
stress. Planta 183: 178-184 

Corp LA, McMurtrey JE, Chappelle EW, Daughtry CST and Kim 
MS (1997) UV band fluorescence (in vivo) and its implications 
to the remote assessment of nitrogen supply in vegetation. 
Remote Sens Environ 61: 110-117 

Csintalan Z, Tuba Z and Lichtenthaler HK (1998) Changes in 
laser-induced chlorophyll fluorescence ratio F690/F735 in 
the poikilochlorophyllous desiccation tolerant plant xerophyta 
scabrida during desiccation. J Plant Physiol 152: 540-544 

Evain S, Camenen L and Moya I (200 1) Three channels detector 
for remote sensing of chlorophyll fluorescence and reflectance 
from vegetation. In: Leroy M (ed) 8 th International Symposium: 
Physical Measurements and Signatures in Remote Sensing, pp 
395^100, CNES, Aussois 

Flexas J, Briantais J-M, Cerovic ZG, Medrano H and Moya I 
(2000) Steady- state and maximum chlorophyll fluorescence 
responses to water stress in grapevine leaves: A new remote 
sensing system. Remote Sens Environ 73: 283-297 

Flexas J, Escalona JM, Evain S, Gulias J, Moya I, Osmond CB 
and Medrano H (2002) Steady-state chlorophyll fluorescence 
(Fs) measurements as a tool to follow variations of net C0 2 
assimilation and stomatal conductance during water-stress in 
C 3 plants. Physiol Plant 114: 231-240 

Gamon JA, Field CB, Bilger W, Bjorkman O, Fredeen AL and 
Penuelas J (1990) Remote sensing of xanthophyll cycle and 
chlorophyll fluorescence in sunflower leaves and canopies. 
Oecologia85: 1-7 

Gamon JA, Green RO, Roberts DA and Serrano L ( 1 995) Deriving 
photo synthetic function from calibrated imaging spectrometry. 
In: Guyot G (ed) Photosynthesis and Remote Sensing, pp 55-60. 
EARSeL, Montpellier, 

Genty B, Briantais J and Baker N (1989) The relationship be- 
tween the quantum yield of photosynthetic electron transport 



and quenching of chlorophyll fluorescence. Biochim Biophys 
Acta 990: 87-92 

Gitelson AA, Buschmann C and Lichtenthaler HK (1998) Leaf 
chlorophyll fluorescence corrected for re-absorption by means 
of absorption and reflectance measurements. J Plant Physiol 
152: 283-296 

Goulas Y (1992) Teledetection de la fluorescence des couverts 
vegetaux: Temps de vie de la fluorescence chlorophyllienne et 
fluorescence bleue. PhD thesis, Universite de Paris-Sud 
Goulas Y, Camenen L, Briantais J-M, Schmuck G, Moya I and 
Guyot G (1994) Measurements of laser- induced fluorescence 
decay and reflectance of plant canopies. In: Guyot G (ed) 
Physical Measurements and Signatures in Remote Sensing, 
pp 937-944. CNES, Val d’lsere 

Goulas Y, Camenen L, Guyot G, Cerovic ZG, Briantais J-M, 
Schmuck G and Moya I ( 1997) Measurements of laser- induced 
fluorescence decay and reflectance of plant canopies. Remote 
Sens Rev 15: 305-322 

Govindjee (1995) Sixty three years since Kautsky: Chlorophyll 
a fluorescence. Aust J Plant Physiol 22 : 131-160 
Govindjee, Amesz J and Fork DC (eds) (1986) Light Emission by 
Plants and Bacteria. Academic Press, Orlando, FL 
Grainger J and Ring J ( 1962) Anomalous Fraunhofer lines profiles. 
Nature 193: 762-764 

Heisel F, Sowinska M, Miehe JA, Lang M and Lichtenthaler HK 
(1996) Detection of nutrient deficiencies of maize by laser 
induced fluorescence imaging. J Plant Physiol 148: 622-631 
Heisel F, Sowinska M, Khalili E, Eckert C, Miehe JA and Li- 
chtenthaler HK (1997a) Laser-induced fluorescence imaging 
for monitoring nitrogen fertilising treatments of wheat. In: 
Narayanan RM and Kalshoven JE (eds) Aero sense ‘97, pp 
10-21. SPIE, Bellingham 

Heisel F, Sowinska M, Khalili E, Eckert C, Miehe JA and Li- 
chtenthaler HK (1997b) Laser-induced fluorescence imaging 
for monitoring nitrogen fertilising treatments of wheat. In: 
Narayanan RM and Kalshoven JE (eds) Aero sense ‘97, pp 
10-21. SPIE, Bellingham 

Hoge FE and Swift RN (1983) Airborne dual laser excitation and 
mapping of phytoplankton photopigments in a Gulf Stream 
Warm Core Ring. Appl Opt 22: 227 1-228 1 
Hoge FE, Swift RN andYungel JK (1983) Feasibility of airborne 
detection of laser induced emissions from green terrestrial 
plants. Appl Opt 22: 2991-3000 
ICNIRP (1996) International Commission on Non-Ionizing 
Radiation Protection. Guidelines on limits of exposure to 
laser radiation of wave lengths between 180 nm and 1,000 pm. 
Health Phys 71: 804-819 

Johansson J, Andersson M, Edner H, Mattsson J and Svanberg S 
(1996) Remote fluorescence measurements of vegetation 
spectrally resolved and by multi-colour fluorescence imaging. 
J Plant Physiol 148: 632-637 

Kebabian PL, Theisen AF and Kallelis S (1999) A passive two- 
band sensor of sunlight-excited plant fluorescence. Rev Sci 
Instrum 70: 4386^1393 

Lichtenthaler HK, Buschmann C, Rinderle U and Schmuck G 
(1986) Application of chlorophyll fluorescence in ecophysiol- 
ogy. Radiat Environ Biophys 25: 297-308 
McFarlane JC, Watson RD, Theisen AF, Jackson RD, Ehrler 
WL, Pinter PJ, Idso SB and Reginato RJ (1980) Plant stress 
detection by remote measurement of fluorescence. Appl Opt 
19: 3287-3289 




Chapter 16 Remote Sensing of Chlorophyll Fluorescence 



445 



Morales F, Cerovic ZG and Moya I (1998) Time-resolved blue- 
green fluorescence of sugar beet leaves. Temperature-induced 
changes and consequences for the potential use of blue-green 
fluorescence as a signature for remote sensing of plants. Aust 
J Plant Physiol 25: 325-334 

Moya I (1974) Duree de vie et rendement de fluorescence de 
la chlorophylle in vivo. Leur relation dans differents mod- 
eles d’ unites photo synthetique. Biochim Biophys Acta 368: 
214-227 

Moya I, Sebban P and Haehnel W (1986) Lifetime of excited 
states and quantum yield of chlorophyll a fluorescence in vivo. 
In: Govindjee, Amesz J and Fork DC (eds) Light Emission by 
Plants and Bacteria, pp 161-190. Academic Press, Orlando 
Moya I, Guyot G and Goulas Y (1992) Remotely sensed blue and 
red fluorescence emission for monitoring vegetation. ISPRS J 
Photogram Remote Sens 47: 205-231 
Moya I, Goulas Y, Morales F, Camenen L, Guyot G and Schmuck 
G (1995) Remote sensing of time-resolved chlorophyll fluores- 
cence and back-scattering of the laser excitation by vegetation. 
EARSeL Adv Remote Sens 3: 188-197 
Moya I, Camenen L, Latouche G, Mauxion C, Evain S and Cerovic 
ZG (1998) An instrument for the measurement of sunlight 
excited plant fluorescence. In: Garab G (Ed.) Photosynthesis: 
Mechanisms and Effects, pp 4265-4270. Kluwer Academic 
Publishers, Dordrecht 

Moya I, Cerovic ZG, Evain S, Goulas Y, Ounis A and Stoll M-P 
(200 1) Teledetection de l’activite photosynthetique: de la verite 
terrain a la me sure satellitaire. In: Leroy M (ed) 8 th International 
Symposium: Physical Measurements and Signatures in Remote 
Sensing, pp 3 19-332. CNES, Aussois 
Ounis A (2001) Teledetection de la fluorescence des couverts 
vegetaux induite par laser: Application des techniques de cor- 
relation temporelle microseconde etnanoseconde. PhD Thesis, 
Universite de Paris-Sud 

Ounis A, Cerovic ZG, Briantais J-M and Moya I (2001a) Dual 
excitation FLIDAR for the estimation of epidermal UV absorp- 
tion in leaves and canopies. Remote Sens Environ 76: 33^18 
Ounis A, Evain S, Flexas J, Tosti S and Moya I (200 lb) Adapta- 
tion of a PAM-fluorometer for remote sensing of chlorophyll 
fluorescence. Photosynth Res 68: 113-120 
Penuelas J, Fillela I and Gamon JA (1995) Assessment of pho- 
tosynthetic radiation-use efficiency with spectral reflectance. 
New Phytol 131:291-296 

Plascyk JA ( 1 97 5) The MK II Fraunhofer line discriminator (FLD- 
II) for airborne and orbital remote sensing of solar- stimulated 
luminescence. Opt Eng 14: 339-346 
Price P, Waring GL, Julkunen-Titto R, Tahvanainen J, Mooney 
HA and Craig T (1989) Carbon-nutrient balance hypothesis 
in within- species phytochemical variation of Salix lasiolepis. 
JChemEcol 15: 1117-1131 

Rabinowitch El (1951) Photosynthesis and Related Processes, 
Vol II, Part 1. Interscience, New York 
Rahman AF, Gamon JA, Fuentes DA, Roberts D, Prentiss D (200 1) 
Modeling spatially distributed ecosystem flux of boreal forests 
using hyperspectral indices from AVIRIS imagery. J Geophys 
Res 106: 33579-33591 



Rosema A, Snel JFH, Zahn H, Buurmeijer WF and Van Hove 
LWA (1998) The relation between laser induced chlorophyll 
fluorescence and photosynthesis. Remote Sens Environ 65: 
143-154 

Ruimy A, Saugier B and Dedieu G (1995) TURC — a diagnostic 
model of terrestrial gross and net primary productivity based 
on remote sensing data. In: Guyot G (ed) Photosynthesis and 
Remote Sensing, pp 261-267. EARSeL, Montpellier 

Saito Y, Saito R, Nomura E, KawaharaTD, Nomura A, Takaragaki 
S, Ida K and Takeda S (1999) Performance check of vegeta- 
tion fluorescence imaging lidar through in vivo and remote 
estimation of chlorophyll concentration inside plant leaves. 
Opt Rev 6: 155-159 

Samson G, Tremblay N, Dudelzak AE, Babichenko SM, 
Dextraze L and Wollnng J (2001) Nutrient stress of corn 
plants: Early detection and discrimination using a compact 
multiwavelength fluorescent lidar. In: Reuter R (ed) EARSeL 
Proceedings, pp 214-223. EARSeL, Dresden 

Schreiber U (1986) Detection of rapid induction kinetics with a 
new type of high-frequency modulated chlorophyll fluorimeter. 
Photosynth Res 9: 261-272 

Sheahan JJ (1996) Sinapate esters provide greater UV-B attenu- 
ation than flavonoids in Arabidopsis thaliana (Brassicaceae). 
Am J Bot 83: 679-686 

Sioris CE and Evans WFJ (1999) Filling in of Fraunhofer and 
gas-absorption lines in sky spectra as caused rotational Raman 
scattering. Appl Opt 38: 2706-27 13 

Sowinska M, Heisel F, Miehe JA, Lang M, Lichtenthaler HK and 
Tomasini F (1996) Remote sensing of p lants by streak camera 
lifetime measurements of the chlorophyll a emission. J Plant 
Physiol 148: 638-644 

Sowinska M, Cunin B, Heisel F and Miehe JA (1999) New UV-A 
laser-induced fluorescence imaging system for near-field remote 
sensing of vegetation: Characteristics and performances. In: 
Proceedings of the SPIE Conference on Laser Radar Technol- 
ogy, pp 91-102. SPIE, Orlando 

Stoll M-P, Court A, Smorenburg K, Visser H, Crocco L, Heilymo J 
andHonigA ( 1999) FLEX — Fluorescence Explorer. In: Remote 
Sensing for Earth Sciences, Ocean and Sea Ice Applications, 
pp 487^194. SPIE, Florence 

Terjung F (1998) Reabsorption of chlorophyll fluorescence and 
its effects on the spectral distribution and the picosecond decay 
of higher plant leaves. Z Naturforsch C 53: 924-926 

Valentini R, Cecchi G, Mazzinghi P, Scarascia-Mugnozza G, 
Agati G, Bazzani M, De Angelis P, Fusi F, Matteucci G and 
Raimondi V (1994) Remote sensing of chlorophyll a fluores- 
cence of vegetation canopies: 2. Physiological significance 
of fluorescence signal in response to environmental stresses. 
Remote Sens Environ 47: 29-35 

Vountas M, Rozanov W and Burrows JP (1998) Filling in of 
Fraunhofer and gas-absorption lines in sky spectra as caused 
rotational Raman scattering. J Quant Spectrosc Radiat Transfer 
60: 943-961 

Waterman PG and Mole S (1994) Analysis of Phenolic Plant 
Metabolites. Blackwell Scientific Publications, Oxford 




Chapter 17 



Probing the Mechanism of State Transitions in 
Oxygenic Photosynthesis by Chlorophyll Fluorescence 
Spectroscopy, Kinetics and Imaging 

John F. Allen* 

Plant Biochemistry, Lund University Box 117SE-221 00, Lund, Sweden 

Conrad W. Mullineaux 

Department of Biology, University College London, Darwin Building, 

Gower Street, London WC1E 6BT, U.K. 

Summary 447 

I. Introduction to State Transitions 448 

A. Physiological Role 448 

B. Effects on Excitation Energy Transfer 448 

C. Reorganization of Protein Complexes 450 

D. Biochemical Mechanisms 451 

II. Studying State Transitions using Continuous Measurements of Fluorescence 451 

III. Studying State Transitions using Picosecond Fluorescence Kinetics 452 

A. Introduction 452 

B. Models for State Transitions, and Their Predicted Effects on Fluorescence Decay Kinetics 452 

C. Sample Preparation 454 

D. Progress and Pitfalls of Using Time-resolved Fluorescence to Study State Transitions 454 

IV. Using Fluorescence Recovery after Photobleaching (FRAP) to Study Protein Mobility 455 

A. Protein Mobility and State Transitions 455 

B. Use of FRAP to Measure Protein Diffusion in Cyanobacteria 455 

C. FRAP and State Transitions in Cyanobacteria 456 

D. Confocal Microscopy and FRAP in Green Plants 457 

V. Screening for State Transition Mutants 457 

VI. Concluding Remarks 458 

Acknowledgments 460 

References 460 



Summary 

The machinery of oxygenic photosynthesis can move between two light-states. State 1 is induced by a light 
regime favoring Photosystem (PS) I, and favors light-harvesting by PS II. State 2 is induced by a light regime 
favoring PS II, and favors light-harvesting by PS I. Chlorophyll (Chi) fluorescence emission is an important 
and revealing signature of the modifications that occur to photo synthetic unit structure and function during 
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transitions between these two states. State 1 and state 2 are physiological adaptations to wavelength of light 
and to metabolic demands placed upon photosynthesis: they involve post-translational modification of pre- 
existing proteins, and restructuring of photosynthetic units. Chlorophyll fluorescence can be used to probe 
the signals initiating state transitions, their mechanisms, and the components of the redox signal transduction 
pathways involved. 



I. Introduction to State Transitions 

A. Physiological Role 

Photosystem (PS) I and PS II are connected in series 
and so electrons must flow through them at equal 
rates. In all green plants and most eukaryotic algae, 
PS I uses blue, red and far-red light, while PS II uses 
more blue and red light, but almost no far-red light. 
In cyanobacteria and red algae, most (around 85%) of 
the chlorophyll (Chi) is associated specifically with 
PS I, while the major part of the antenna of PS II 
usually consists of the linear tetrapyrrole pigments, 
phycobilins. In contrast to Chi, phycobilins absorb 
green and yellow-orange light, which is therefore 
selective for PS II. Where phycobilins are present, 
light absorbed by Chi is selective for PS I. In all sys- 
tems, therefore, the two photosystems differ in their 
absorption and action spectra, and, experimentally, it 
is possible to define spectral bands selective for one 
or the other photosystem. In natural environments, 
the intensity and spectral composition of ambient 
light fluctuate with time, notably because of changes 
in shading and, for aquatic environments, in spectral 
filtering by water. If some of the energy available is 
not to be wasted when one photosystem becomes rate- 
limiting to the other, then there must be some way of 
redistributing light-harvesting antenna molecules to 
achieve balanced distribution of energy between the 
photosystems For an introduction to photosynthesis, 
see Blankenship (2002). 

Short-term physiological adaptation of this kind 
can be induced experimentally when plants, algae 
or cyanobacteria are subjected to altered illumina- 
tion conditions. The mechanism of this adaptation 
involves redistribution of absorbed excitation energy 



Abbreviations: Chi - chlorophyll; DBMIB 2,5-dibromo-3- 
methyl-6-isopropyl-p-benzoquinone; DCMU - 3-(3',4'-dichlo- 
rophenyl)- 1 , 1 '-dimethyl urea; FRAP Fluorescence Recovery 
After Photobleachmg; LHC II light harvesting Chi a/C hi b 
protein complex of Photosystem II; P680 - reaction center of 
Photosystem II; P700 reaction center of Photosystem I; PQ - 
plastoquinone; PS - photosystem; Q B - secondary plastoquinone 
electron acceptor of PS II 



between the two photosystems, such that the light- 
limited photosystem receives more energy while the 
light-saturated photosystem receives less. 

The first explicit description of physiological re- 
distribution of absorbed excitation energy between 
PS I and PS II was obtained independently for the red 
alga Porphyridium cruentum (Murata, 1969) and the 
green alga Chlorella pyrenoidosa (Bonaventura and 
Myers, 1969). It is interesting to record that the same 
fundamental process appeared to operate irrespective 
of the type of ‘accessory’ pigment involved in light- 
harvesting (Chls a and b in Chorella and phycobilins 
in Porphyridium). Subsequent research suggests that 
‘state 1 -state 2 transitions’ are a universal property 
of organisms that live by means of oxygen-evolving 
photosynthesis, from cyanobacteria to higher plants 
(Williams and Allen, 1987; Allen, 1992). 

The basic terminology associated with the phe- 
nomenon of state transitions stands independently 
of their mechanism (Myers, 1971). In all cases, PS I 
may be selected by a PS I-specific light, which can 
be termed Tight 1 ;’ PS II is correspondingly selected 
by Tight 2.’ The state of adaptation to light 1 is called 
the Tight 1 -state’ or ‘state l.’The state of adaptation 
to light 2 is called the Tight 2-state’ or ‘state 2.’ The 
transition from state 2 to state 1 is called the ‘state 1 
transition.’ By definition, the state 1 transition involves 
redirection of absorbed excitation energy to PS II, 
at the expense of PS I. The transition from state 1 to 
state 2 is called the ‘state 2 transition,’ and it involves 
redirection of absorbed excitation energy to PS I, at 
the expense of PS II. 

B. Effects on Excitation Energy Transfer 

Figure 1 , adapted from the results of Bonaventura and 
Myers (1969), illustrates the process. Dark-adapted 
cells are illuminated with modulated light 2 at 645 
nm. Chlorophyll a fluorescence falls slowly from an 
initial maximum, and oxygen yield increases with 
approximately the same kinetics. This indicates a 
redistribution of excitation energy in favor of PS I, 
which is initially rate limiting but which becomes 
more effective in capturing light energy as the redis- 
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Fig. 1. Model state 1 -state 2 transitions, schematically representing data of Bonaventura and Myers (1969) with Chlorella pyrenoidosa. 
The intensity of Light 2 (e.g., X = 645 nm) is modulated and the synchronous oxygen and fluorescence signals are obtained through a 
lock-in amplifier. Effects of continuous light 1 (e.g., X = 710 nm) are therefore indirect, and indicate redistribution of excitation energy 
between PS I and PS II. For fluorescence, qualitatively similar results can be obtained with any oxygen-evolving, two-light-reaction spe- 
cies, from cyanobacteria and cryptomonads to leaves of higher plants. The phenomenon can be demonstrated in isolated chloroplasts, and 
in isolated thylakoids provided ATP is present (at e.g., 200 pM) as a substrate for the LHC II kinase. The wavelengths described above 
are suitable for LHC ll-containing organisms. In phycobilin-containing organisms light 2 should be specific for phycobilin absorption 
(e.g., within the range 500-610 nm) and any Chl-absorbcd light (e.g., blue, between 440 or 480 nm, or red, above 640 nm) will function 
as light 1 . A terminal electron acceptor must be available (e.g., NADP + regenerated by assimilatory reactions in intact systems) if light 
absorbed by the PS 1 antenna is to function as light 1, and the light intensity should not be saturating. At saturating intensities or in the 
absence of PS I electron acceptors, any kind of light functions as light 2 by reducing plastoquinone. 



tribution proceeds. Chlorophyll fluorescence from 
PS II decreases as a result of the combined decrease 
in excitation energy transfer to PS IT and increased 
photochemical quenching of PS II fluorescence. 
The state of maximum oxygen yield under light 2 is 
state 2. The transition to state 2 is thus a process of 
redistribution of excitation energy in favor of PS I. 
Upon addition of continuous light 1 at 710 nm, fur- 
ther quenching of PS II fluorescence occurs. There 
is then a slow increase in oxygen yield accompanied 
by a fluorescence rise that indicates redistribution 
of excitation energy back to PS II. The new state of 
maximum oxygen yield under light 1 is state 1. The 
transition to state 1 is thus a process of redistribution 
of excitation energy in favor of PS II. In whole cells 
it is apparent that both the state 1 and state 2 transi- 
tions result in increased yield of oxygen (Fig. 1). 



Fluorescence measurements alone do directly register 
whether energy not released as fluorescence is lost 
or used, productively, for photochemistry. Similar 
fluorescence transients have now been recorded with 
a wide variety of cyanobacteria (Mullineaux et al., 
1986), plants and algae. 

In chloroplasts, the transition to state 2 can be 
explained by redox-controlled phosphorylation of a 
mobile component of light harvesting Chi a/C hi b 
protein complex of Photosystem II (LHC II), as fol- 
lows. Where light 2 tends to drive PS II faster than 
PS I, plastoquinone becomes reduced, the LHC II 
kinase is activated, LHC II becomes phosphory- 
lated, and phospho-LHC II migrates from PS II to 
PS I. Conversely, the transition to state 1 occurs 
because light 1 drives PS 1 momentarily faster than 
PS II, plastoquinone becomes oxidized, the LHC II 
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kinase is inactivated, and the LHC II phosphatase 
dephosphorylates LHC II thereby returning it to 
PS II (Allen, 1981). 

The model of plastoquinone redox control of 
LHC II distribution during state transitions was 
prompted by the discovery of plastoquinone redox 
control of phosphorylation of LHC II (Allen et al., 
1981). Early direct evidence in favor of this model 
was provided by Telfer et al. ( 1 983) who used modu- 
lated fluorescence to follow state 1 -state 2 transitions 
in pea thylakoids with ATP present at 0.15 mM to 
provide a substrate for protein phosphorylation. The 
fluorescence rise indicating the state 1 transition was 
inhibited by the protein phosphatase inhibitor NaE 
Furthermore, state 2 was shown to be a state of high 
LHC II phosphorylation and state 1 a state of low 
LHC II phosphorylation, with the kinetics of changes 
in LHC II phosphorylation matching exactly the ki- 
netics of the fluorescence changes, with a half-time 
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of 4 min for the state 2 transition and 6 min for the 
state 1 transition. 

C. Reorganization of Protein Complexes 

Figure 2(a) shows a general scheme for control of 
excitation energy distribution by protein phosphoryla- 
tion in phycobilisome-containing organisms. Any pro- 
tein kinase catalyzing the protein phosphory lation(s) 
involved in the state 2 transition in cyanobacteria is 
assumed to be under redox control, analogous to the 
LHC 11 kinase. Fig. 2(b) shows the corresponding 
lateral re-arrangement of LHC II between Photosys- 
tems I and II of chloroplast thylakoids. 

The functional effect of phosphorylation of LHC 11 
first identified was a change in Chi fluorescence emis- 
sion properties of isolated thylakoids (Bennett et al., 
1 980). Phosphorylation is accompanied by a decrease 
in total Chi fluorescence yield at room temperature 




(a) (b) 

Fig. 2. Scheme for control of excitation energy distribution in phycobilisome-containing organisms (a) and in LHC 11-containing organ- 
isms (b). The kinase catalyzing the LHC 11 protein phosphorylation(s) involved in the state 2 transition in (b) is under redox control. The 
chemical nature of the modification in phycobilisome-containing organisms (a) is not known, though it is likely that phosphorylation 
reactions are also involved. 
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Fig. 3. Control of distribution of LHC 11 between Photosystems I and 11 by redox-activation of its protein kinase. Adapted from Allen 
et al. (1981) and Allen (1992). 



which is consistent with decreased emission from 
PS II. Fluorescence spectroscopy at 77 K shows that 
LHC II phosphorylation produces a decrease in yield 
in the PS II emission bands at 685 and 695 nm relative 
to that of the PS I band at 735 nm. Excitation energy 
from light absorbed by LHC II becomes diverted away 
from PS II as a result of phosphorylation, and all or 
part of that energy reaches PS I instead. 

Normalization procedures initially showed only a 
relative increase in the ratio F 735 /F 685 . Using fluores- 
cein as an external standard in isolated chloroplast 
thylakoids reveals that the LHC II phosphorylation 
underlying state transitions produces both a decrease 
in F 685 and an increase in F 735 . The same conclusion 
is supported using phycoerythrin as an external 
standard with Chlorella cells and thylakoids (Saito 
et al., 1983). 

The structural basis of the movement of LHC II 
between Photosystems I and II in chloroplasts has 
been the subject of much debate. A recent review 
stresses the role of steric effects and guided mo- 
lecular recognition in determining the functional 
alignment of intrinsic membrane proteins (Allen 
and Forsberg, 2001). In cyanobacterial thylakoids, 
structural rearrangements have recently been visu- 
alized by a number of techniques, including FRAP 
(Fluorescence Recovery After Photobleaching), as 
described in Section IV 

D. Biochemical Mechanisms 

Figure 3 shows control of distribution of excitation 



energy, absorbed by LHC II, between the reaction 
centers of PS I (P700) and PS II (P680). An LHC II 
kinase is activated when plastoquinone (PQ) is in 
its reduced form (PQH 2 ), resulting in phosphoryla- 
tion of LHC II. The phosphorylated form of LHC II 
transfers excitation energy to PS I at the expense of 
PS II, serving to oxidize the plastoquinone pool. The 
LHC IT phosphatase is redox-independent (Silver- 
stein et al., 1993). When plastoquinone is oxidized, 
the kinase is inactive, and dephosphorylation of 
LHC II predominates, thus returning excitation en- 
ergy to PS II and increasing the rate of reduction of 
plastoquinone. The plastoquinone pool is oxidized 
by PS I and reduced by PS II. Electron transport 
from PS IT to plastoquinone is inhibited by 3-(3',4'- 
dichlorophenyl)-l,r-dimethyl urea (DCMU) that 
inhibits the reaction by displacing Q B , the secondary 
plastoquinone electron acceptor of PS II; electron 
transport from plastoquinone to PS I is inhibited by 
2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone 
(DBMIB) that binds to a site on Cyt b/f complex. 



II. Studying State Transitions using Con- 
tinuous Measurements of Fluorescence 

Apart from fluorescence emission spectroscopy 
(Section LB), induction of continuous fluorescence 
on a millisecond time scale helps to delineate pos- 
sible mechanisms of state transitions. In state 1, an 
extended excitation energy transfer pathway between 
PS II units is consistent with an observed sigmoidicity 
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in fluorescence induction kinetics. The transition to 
state 2 involves not only an increase in absorption 
cross-section of PS I and a decrease in that of PS II, 
but it also produces a decrease in the co-operativity 
among PS II units. This decreased co-operativity 
causes a decrease in sigmoidicity by increasing the 
contribution of a first-order, single-exponential rise 
to the kinetics of fluorescence induction. This change 
in co-operativity of photosynthetic units may even 
take place independently of complementary changes 
in absorption cross-section, and be a property of a 
related regulatory process in the single-photosystem 
purple bacteria (Holmes and Allen, 1988). 

Figure 4 shows model fluorescence induction tran- 
sients, illustrating the decrease in both F m and F 0 in 
state 2, such as’ upon phosphorylation of LHC II, and 
in F m alone on cation depletion (-Mg 2+ ). The upper 
transients suggest a decrease in the absorption cross- 
section of PS II, the lower transients an increase in 
spillover from PS II to PS 1 (see Section 11I.B). 

III. Studying State Transitions using Pico- 
second Fluorescence Kinetics 

A. Introduction 

State transitions modify the function of the light- 
harvesting complexes, thus changing the pathways of 
energy flow. In principle, picosecond time-resolved 
fluorescence measurements provide one of the best 
ways to obtain detailed information on photosynthetic 
energy transfer processes . The principle of the meth- 
od is that the sample is excited by a very short laser 
excitation pulse, and fluorescence detected over pico- 
seconds to nanoseconds after the pulse. The kinetics 
of fluorescence decay at different wavelengths should 
reveal the pathways of excitation energy migration. 
In practice, fluorescence decay from intact systems 
tends to be very complex, and careful data analysis is 
necessary. A relatively simple but effective method is 
to use ‘global data analysis’ (Wendler and Holzwarth, 
1 987). This involves measuring fluorescence decay at 
a series of emission wavelengths. The set of decays is 
deconvolved together, on the assumption that each 
component has the same lifetime throughout, and 
only its relative amplitude is wavelength-dependent. 
The results can be presented as ‘decay-associated 
spectra’, which show the wavelength-dependence of 
the amplitude of each lifetime component (Wendler 
and Holzwarth, 1987). 
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state 1 




Fig . 4. Model fluorescence induction transients, illustrating the 
decrease in both F m and F a upon the transition to state 2 and in F m 
alone on cation depletion (-Mg 2 t ). The upper transients suggest 
a decrease in the absorption cross-section of Photosystem II, the 
lower transients an increase in spillover from PS II to PS I. Such 
transients are obtained in the presence of DCMU. The y-axis is 
room-temperature fluorescence emission in arbitrary units, the 
x-axis is time on a ms scale. Depending on actinic light intensity 
and other factors, the full transients shown might take, typically, 
between 100 ms and 1 s. The rapid rise from the baseline to F 0 
occurs upon switching on the light ( vertical arrow). Changes in 
sigmoidicity also occur. The -Mg 2 ' and state 2 induction curves 
are markedly less sigmoidal than the controls (Allen, 1992). 



B. Models for State Transitions, and Their 
Predicted Effects on Fluorescence Decay 
Kinetics 

Two kinds of effects have been postulated to accom- 
pany state transitions: 

(a) In the ‘absorption cross-section’ model, state 
transitions change the proportions of light-harvest- 
ing pigments connected to the two photosystems. 
This could most easily be accomplished by the 
detachment of a pigment-protein complex from 
one photosystem and its re-association with the 
other photosystem. 

(b) In the ‘spillover’ model, energy transfer can oc- 
cur between the PS II and PS I core complexes, and 
it is postulated that state transitions change the rate 
constant for this energy transfer. This could occur 
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as a result of conformational changes that change 
the orientation of pigment molecules, or as a result 
of an ultrastructural change that alters the spatial 
separation between PS II and PS I. As mentioned 
in Section I. A, PS I absorbs light at slightly longer 
wavelengths than PS II. More significantly, PS I is 
somewhat faster, a more efficient trap for excitation 
energy. This means that if energy transfer between 
PS II and PS I can occur, the net flow of excitation 
energy will generally be from PS II to PS I (Trissl 
and Wilhelm, 1993). Thus, a transition from state 
1 to state 2 should involve an increase in the rate 
constant for spillover. 



In principle, time-resolved fluorescence mea- 
surements can distinguish between the two models. 
Figure 5 shows, in a highly-simplified form, the 
predicted effects of spillover and absorption cross- 
section changes on decay-associated spectra, when 
the excitation is at a wavelength absorbed by the 
light-harvesting complex. The model assumes a 
simple system consisting of the two photosystems 
and a light-harvesting complex. Each complex has 
a characteristic fluorescence emission maximum and 
fluorescence decay lifetime. 

In the absorption cross-section model the transi- 
tion to state 2 involves the movement of a proportion 




Fig. 5. Models for excitation energy distribution during state transitions, and their effects on decay-associated spectra. Both the models 
and the spectra are highly simplified and idealized. L: light-harvesting complex; 2: PS II; 1: PS I; A: fluorescence amplitude; x: fluo- 
rescence lifetime. Negative amplitudes represent fluorescence rise-terms, (a) Absorption cross-section model. For the purposes of the 
figure it is assumed that the rate constants for energy transfer from L to state 1 and state 2 are similar, (b) Spillover model (assuming 
that state 1 decays much more rapidly than state 2). 
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of the light-harvesting complex from PS II to PS I. 
This will change the fluorescence decay lifetime of 
the light-harvesting complex, if the rate constants for 
energy transfer to the two photosystems are different. 
For the sake of simplicity, Fig. 5(a) assumes the rate 
constants are the same. The main prediction of the 
absorption cross-section model is that the amplitude 
of the fluorescence decay from the two photosystems 
will change. Movement of the light-harvesting com- 
plex from PS II to PS I will decrease the amplitude 
of fluorescence emission from PS II, and increase 
that from PS I. However, the fluorescence decay 
lifetimes of the two reaction center core complexes 
will be unaffected. 

In the spillover model (Fig. 5(b)) the state 2 transi- 
tion will lead to a decrease in the fluorescence lifetime 
for PS II, without affecting the amplitude. The effects 
on PS I emission are complex. Because the fluores- 
cence decay lifetime of PS I is faster than that of PS II, 
spillover will lead to a new PS I decay component 
with the same lifetime as the PS II decay. 

In real systems, the effects of state transitions 
are more complex and harder to interpret than in 
the simple model shown in Fig. 5. The fluorescence 
emission from PS II, PS I and light-harvesting 
complexes usually overlaps, sometimes making 
the assignment of decay components to particular 
complexes problematic. Because of the dynamics of 
charge separation, PS II has at least two fluorescence 
decay lifetimes (Schatz et al, 1988). There may be 
heterogeneity in all the complexes, leading to many 
more fluorescence decay lifetimes (Roelofs et al, 
1992). If the decay of PS I fluorescence is faster than 
energy transfer from the light-harvesting complex it 
will be difficult to resolve energy transfer from the 
light-harvesting complex to PS I. This may well be 
the case in cyanobacteria, where the lifetime for en- 
ergy transfer from the phycobilisomes to the reaction 
center core complexes is around 180 ps (Mullineaux 
and Holzwarth, 1991), whereas the principal PS I 
fluorescence decay lifetime is 25 ps (Turconi et al., 
1996). 

C. Sample Preparation 

Fluorescence lifetime measurements on intact sys- 
tems generally involve collecting data over extended 
time periods. It is necessary to keep the sample in the 
appropriate light-state and to prevent the excitation 
light from perturbing or damaging the sample. Two 
approaches have been used: 



(a) The sample is pre-adapted to the appropriate 
light-state and then rapidly frozen. Fluorescence 
decays are measured on the frozen sample, usually 
at liquid nitrogen temperature (77 K). This method 
has the additional advantage that fluorescence 
emission peaks are more sharply-defined. A prob- 
lem is that cooling to 77 K may significantly alter 
the pathways of excitation energy transfer. 

(b) The measurement is carried out at room tem- 
perature . A reservoir of sample is adapted to state 2 
or state 1 using appropriate illumination conditions, 
and the sample is circulated through a flow-cuvette 
where it is exposed to the excitation light. Rapid 
circulation of the sample minimizes exposure 
to the excitation light. It is possible to use more 
complex flow systems to carry out measurements 
with open or closed PS II centers, as well as with 
adaptation to state 1 or state 2 (Mullineaux et al., 
1990). Chloroplasts or membrane preparations 
may not be mechanically strong or stable enough 
for measurements under these conditions, so the 
measurements are generally earned out using intact 
algal or cyanobacterial cells. 



D. Progress and Pitfalls of Using Time-re- 
solved Fluorescence to Study State Transi- 
tions 

There have been a number of studies using time- 
resolved fluorescence to probe state transitions in 
green algae (Wendler and Holzwarth, 1987) and 
phycobilisome-containing organisms (Bruce et al., 
1985, 1986; Mullineaux et al., 1990). In cyanobac- 
teria and red algae at 77 K, Bruce et al. (1985, 1986) 
found evidence for spillover changes. They reported 
a faster PS II fluorescence decay in State 2 (Bruce 
et al., 1985) accompanied by a slower rise of PS I 
fluorescence (Bruce et al., 1986). However, their 
analysis was based on the assumption that there is 
no significant overlap in the fluorescence emission 
from PS II, PS I and phycobilisomes. This is unlikely 
to be true, even at 77 K. Mullineaux et al. (1990) 
carried out measurements on cyanobacterial cells at 
room temperature. Decays were resolved into phy- 
cobilisome, PS II and PS I components using global 
data analysis. This study found no evidence for PS II 
lifetime changes. However, the amplitude of the PS II 
fluorescence decreased by about 60% in state 2, which 
would be consistent with the decoupling of about 
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60% of phycobilisomes from PS II. The closure of 
PS II reaction centers led to the appearance of long 
fluorescence lifetimes of about 1 100 ps and 550 ps, 
which could be detected both in state 1 and in state 2 
(Mullineaux and Holzwarth, 1991). These lifetimes 
are at least as long as those detected in isolated PS II 
core complexes (Schatz et al., 1988) which suggests 
that spillover to PS I is not a maj or pathway of energy 
transfer in cyanobacteria. 

The main problem with the use of time-resolved 
fluorescence to probe physiological adaptation 
mechanisms is the extreme complexity of fluores- 
cence decay kinetics in intact systems. There may 
simply be too many components to allow a rigorous 
analysis of the data. Until we are sure how many 
lifetimes are needed to describe fluorescence decays 
in intact systems, and where each lifetime component 
originates from, we may not be able to draw any 
definitive conclusions about adaptation mechanisms. 
Numerous mutants lacking reaction centers and/or 
light-harvesting complexes are now available, and a 
sensible approach would be to use these mutants as 
simplified systems for determining the kinetics of 
various energy transfer processes in vivo. We may 
then be able to go back to the wild-type system with 
more confidence. 



IV. Using Fluorescence Recovery after 
Photobleaching (FRAP) to Study Protein 
Mobility 

A. Protein Mobility and State Transitions 

State transitions involve changes in the interactions 
of light-harvesting complexes and reaction centers. 
If we are to understand state transitions in physical 
terms, we need to know how the complexes can 
move in the membrane, and what movements are 
associated with state transitions. The problem has 
been approached in green plants by sub-fractionating 
thylakoid membranes into grana and stroma lamel- 
lae, and measuring the composition of the fractions 
(Staehelin and Amtzen, 1983). This technique can 
be used to demonstrate net migration of LHC II to 
the stroma upon adaptation to state 2, and to give a 
measure of the timescale of the migration (Drepper 
et al., 1 993). In cyanobacteria, no such long-distance 
movements are postulated. However, the distribution 
of the complexes has been studied by freeze-fracture 
electron microscopy. The transition to state 2 seems 



to result in a decrease in the proportion of PS II re- 
action centers arranged in rows (Olive et al., 1986, 
1 997). These techniques do not give the whole story: 
they can be used to detect net changes in protein 
distribution upon adaptation, but they give little idea 
of the kinetics of the diffusion of complexes in the 
membrane. When using electron microscopy, some 
statistical pitfalls may arise when trying to extract 
quantitative data from a collection of images. In 
cyanobacteria, there is the additional problem that the 
phycobilisomes are not normally seen in freeze-frac- 
ture electron micrographs. An alternative approach 
is to use fluorescence microscopy and Fluorescence 
Recovery after Photobleaching ( FRAP ) exploiting the 
native fluorescence of the pigment-protein complexes. 
The spatial resolution of fluorescence measurements 
is obviously much lower than electron microscopy, 
but measurements can be carried out in vivo, allowing 
the migration of complexes to be monitored continu- 
ously. Progress with the technique, and the potential 
future developments, are discussed below. 

B. Use of FRAP to Measure Protein Diffusion 
in Cyanobacteria 

In cyanobacteria the PS II and PS I reaction centers 
are in close proximity in the membrane (Mullineaux, 
1999). It is therefore unlikely that state transitions 
would result in any net migration of complexes over 
distances long enough to be resolved in fluorescence 
micrographs . However, FRAP can be used to monitor 
the mobility of the photosynthetic complexes (Mul- 
lineaux et al., 1997). In FRAP, a highly-focused 
confocal laser spot is used to bleach a small area of 
a cell or membrane, by photochemically destroying 
the chromophores. The recovery of fluorescence in 
the bleached area indicates diffusion of the pigment- 
protein complexes. Cyanobacteria are an excellent 
model system for FRAP because many species have 
a simple, regular thylakoid membrane organization. 
FRAP studies on the elongated cyanobacterium 
Dactylococcopsis salina showed that the phycobili- 
somes are extremely mobile, diffusing rapidly on the 
thylakoid membrane surface. However, the PS II core 
complexes do not diffuse at all (Mullineaux et al., 
1997). Similar results are obtained in Synechococ- 
cus sp. PCC7942, where the diffusion coefficient for 
phycobilisomes at the growth temperature of 3 0 °C is 
about 3 x 10“ 10 cm 2 s _1 (Fig. 6). The phycobilisomes 
diffuse at a comparable rate in a mutant lacking the 
phycobilisome rods, which co n fir m s that the FRAP 
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Fig. 6. FRAP (Fluorescence Recovery After Photobleach- 
ing) measurement of pliycobilisome diffusion in a cell of the 
cyanobacterium Syttechococcus 7942. The scale bar indicates 3 
microns. Pliycobilisome fluorescence was bleached by scanning 
a line across the centre of the cell, and the subsequent evolution 
of die bleaching pattern was monitored by recording images at 5 s 
intervals. Experimental conditions were similar to those described 
in Mullineaux et al. (1997). 

studies are monitoring the diffusion of intact phyco- 
bilisomes rather than detached pliycobilisome rods 
or free phycocyanin subunits (Sarcina et al., 2001 ). 
The fact that PS II is immobile, but phycobilisomes 
diffuse rapidly, implies that there is no stable phyco- 
bilisome-reaction center complex. Instead, it suggests 
tliat a pliycobilisome will interact transiently with a 
reaction center, before decoupling, diffusing, and 
binding to another reaction center (Mullineaux et 
al., 1997; Mullineaux, 1999). Energy transfer studies 
indicate that phycobilisomes can interact with PS II 
as well as PS I reaction centers (Mullineaux, 1992, 
1994). The distribution of phycobilisomes between 
PS II and PS 1 will therefore be governed by a dynamic 
equilibrium. The position of the equilibrium will be 
influenced by the relative concentrations of PS II, PS I 
and phycobilisomes, and the phycobilisome-PS 1 1 and 
phycobilisome-PS I binding energies. 

C. FRAP and State Transitions in Cyanobac- 
teria 

The FRAP results described above do not give direct 
information on what happens during state transitions, 
but they give some clues: 

(a) The results suggest that phycobilisomes are 
a mobile element in state transitions. PS II ap- 
pears to be completely immobile, at least over 
the relatively long distances that are monitored 
in a FRAP experiment. It remains possible that 
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PS I mobility could play a role in state transitions 
(Schluchter et al., 1996). We do not yet have any 
direct information on PS 1 mobility, since PS I 
fluorescence is too low to be detected in a FRAP 
experiment. Tagging with Green Fluorescent Pro- 
tein will allow us to monitor the movement of PS I 
and other non-fluorescent complexes. Note that it 
is likely that state transitions have more than one 
effect on light-harvesting. Mutagenesis studies 
indicate that there are phycobilisome-dependent 
and phycobilisome-independent effects (Olive et 
al.. 1997; Emlyn-Jones et al., 1999). 

(b) It is important to note that pliycobilisome dif- 
fusion occurs on a much faster timescale than state 
transitions. How long would it take fora phycobili- 
some to move from PS II to PS I? In cyanobacteria. 
PS II is typically arranged in parallel rows about 60 
nm apart, with PS I located in the spaces between 
the rows (Olive et al., 1 997). If we assume a typical 
PS 1I-PS 1 distance of30nm. and a pliycobilisome 
diffusion coefficient of 3 x 10 10 cnv s ', then a 
pliycobilisome could move from PS II to PS I in 
about 1 5 milliseconds. State transitions take place 
on a timescale of a few seconds to a few minutes 
(Fork and Satoh, 1 983 ). It is therefore likely tliat the 
rate of state transitions is controlled by the rate of 
the signal transduction pathway, rather than by the 
rate of migration of the photosynthetic complexes. 
This also appears to be the case in green plants, 
where the kinetics of the state transition match the 
kinetics of LHC II phosphorylation ( Bennett etal., 
1980; Telfer et al., 1983). 

(c) The considerations above suggest the follow- 
ing model for state transitions in cyanobacteria. A 
change in the light environment changes the redox 
state of plastoquinone. This triggers an unknown 
signal transduction pathway which eventually leads 
to a change in the phycobilisome-PS II and/or 
phycobilisome-PS I binding energy. This shifts 
the equilibrium position so as to change the rela- 
tive number of phycobilisomes coupled to PS II 
and PS 1 at steady-state. The phycobilisomes are 
mobile in both states — what changes is the statisti- 
cal likelihood that phycobilisomes are coupled to 
PS II rather than PS I. 

Could FRAP measurements be used to provide 
more direct information on the redistribution of 
protein complexes accompanying state transitions 
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in cyanobacteria? As discussed above, the spatial 
redistribution accompanying state transitions is 
likely to occur on a scale below 60 nm, far below the 
resolution of an optical measurement. However, the 
model above predicts that the diffusion coefficient for 
phycobili somes should be different in state 1 and in 
state 2. It seems likely that the overall diffusion rate 
of the phy cobilisomes is governed by their interaction 
with reaction centers. For example, the more stable 
the coupling between the phycobilisomes and the 
immobile PS II complexes, the less frequent will be 
the detachment of the phycobilisomes from PS II and 
the slower will be the diffusion of the phycobilisomes 
over the relatively long distances monitored in FRAP 
measurements. Thus, if the phycobilisome-reaction 
center binding constants change, then the diffusion 
coefficient for the phycobilisomes will also change. 
Unfortunately it may be very difficult to maintain 
cells in state 1 or state 2 during FRAP measurements. 
FRAP measurements in Synechococcus 7942 take 
place over a timescale of at least 20 s (Fig. 6), during 
which time significant adaptation can take place in 
cyanobacteria (Fork and Satoh, 1983). The measure- 
ment involves the exposure of the cell to intense light, 
both for the initial bleaching, and for the subsequent 
monitoring of the bleaching pattern. This light will 
certainly trigger state transitions , among other effects . 
In macroscopic measurements it is possible to moni- 
tor fluorescence using a measuring light too weak to 
perturb the state of the cells (Schreiber et al., 1995). 
This is not currently possible on a microscopic scale, 
where the excitation light must be intense enough 
to generate a measurable fluorescence signal from a 
single cell. A partial solution to the problem would 
be to use mutants ‘trapped’ in state 1 or state 2. A 
Synechocystis mutant which appears to be perma- 
nently in state 1 has been isolated (Emlyn- Jones et 
al., 1999). Similar specific mutants in Synechococcus 
7942 would allow us to see if adaptation to state 1 
or state 2 changes the mobility of the photosynthetic 
complexes. 

D. Confocal Microscopy and FRAP in Green 
Plants 

In green plants, the distribution of Chi-protein com- 
plexes between the grana and stroma lamellae can 
be assessed using confocal fluorescence microscopy 
(Gunning and Schwartz., 1999; Mehta et al., 1999). 
Potentially, it might be possible to use the technique 
for direct observation of LHC II migration between 



the grana and the stroma lamellae during state transi- 
tions. FRAP studies on chloroplasts will be harder 
than on cyanobacteria because of the convoluted 
structure of the thylakoid membrane (Sarafis, 1998). 
It may not be possible to do quantitative measure- 
ments except in some green algal chloroplasts that 
lack grana. 



V. Screening for State Transition Mutants 

The components of the signal transduction pathway 
that links changes in the redox state of the cyto- 
chrome b 6 f complex to changes in light-harvesting 
are still largely unknown. Could a genetic approach 
be used to identify the signal transducers? Two ap- 
proaches could be adopted: 

(a) Genome sequencing projects have revealed 
large numbers of genes coding for potential signal 
transducers (see Kotani andTabata, 1998, for ex- 
ample). Knockout mutants forthese genes could be 
screened for inability to perform state transitions. 
This approach has been unsuccessful so far. In the 
cyanobacterium Synechocystis 6803, many dele- 
tion mutants lacking genes for sensory histidine 
kinases have been screened: so far all have proved 
to be capable of performing state transitions (C. W. 
Mullineaux and A. Wilde, unpublished ). It may be 
that state transitions do not operate through signal 
transducers sufficiently ‘conventional’ to be recog- 
nized on the basis of sequence homologies. 

(b) The alternative approach is to generate libraries 
of random mutants, and then to screen for the in- 
ability to perform state transitions. This approach 
has proved to be more productive, and specific 
state transition mutants have been isolated in the 
cyanobacterium Synechocystis 6803 (Emlyn- Jones 
et al., 1999) and the green alga Chlamydomonas 
reinhardtii (Fleischmann et al., 1999; Kruse et 
al., 1999). In the case of Synechocystis, the gene 
involved has been identified. It codes for a putative 
membrane protein with no significant homology to 
any previously-characterized gene product (Emlyn- 
Jones et al., 1999). 

If the approach described in (b) above is to suc- 
ceed, it is necessary to have an efficient screening 
procedure. In Synechocystis, state transition mutants 
were identified at a frequency of about 1/4000 mutant 
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colonies (D. Emlyn-Jones and C.W. Mullineaux, 
unpublished). In organisms with larger genomes, 
many more mutants will have to be screened. Fluo- 
rescence video imaging provides an attractive way to 
screen for state transition mutants. State transitions 
result in a small change in the Chi fluorescence yield 
(typically 10-30%, depending on the organism). 
Therefore it is possible to use fluorescence video 
imaging to screen large numbers of cell colonies 
simultaneously. We routinely screen up to about 200 
colonies simultaneously on a Petri dish. It is neces- 
sary to design the screening procedure carefully to 
avoid some pitfalls: 

(a) A random mutant library will contain many 
strains with different growth rates and different 
levels of Chi fluorescence. Therefore the simple 
approach of adapting the colonies to state 1 or to 
state 2 conditions and looking for colonies with 
abnormally high or low fluorescence will not pro- 
vide a selective screen. 

(b) The obvious approach is therefore to record 
images for state 1 -adapted colonies and state 2- 
adapted colonies, and to subtract the state 2 image 
from the state 1 image to obtain a difference image. 
This is not ideal, as the screen will be somewhat 
biased according to the background level of colony 
fluorescence. Weakly-fluorescent colonies will 
generally show a smaller fluorescence difference 
than strongly-fluorescent colonies, providing many 
potential ‘false negatives.’ 

Figure 7 shows a screening strategy that avoids the 
pitfalls described above. The equipment required is a 
light source with a fiber-optic ring-light to distribute 
the light evenly on the Petri dish, cut-off filters, a 
computer-linked video camera and software for ma- 
nipulating the images. We use Optimas 5.0 (Optimas 
Corporation). This software has the considerable 
advantage that it is easy to automate some of the 
image processing steps. The screen involves adapting 
the colonies to state 1 or to state 2 conditions and 
recording an image for each state. The state 1 image 
is then divided by the state 2 image to produce a 
ratio image. This avoids the pitfall described in (b) 
above. The ratio image shows the positions of all the 
colonies performing state transitions. Colonies not 
performing state transitions are invisible, as they have 
the same fluorescence ratio (1.0) as the background. 
The remaining steps in the procedure provide a way 
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to highlight these colonies. First, the grey-scale of the 
ratio image is compressed above a threshold value, 
so as to produce a simple map showing the posi- 
tions of all the colonies performing state transitions. 
One of the initial fluorescence images is treated in 
a similar way to produce a map showing the posi- 
tions of all the colonies. Finally, the ‘state transition 
map’ is subtracted from the ‘colony map’ to produce 
a ‘mutant map’. Any remaining white spots on the 
mutant map should indicate colonies which are not 
performing state transitions.The method illustrated in 
Fig. 7 has been used to isolate specific state transition 
mutants from Synechocystis 6803 (Emlyn-Jones et 
al., 1999) and Chlamydomonas reinhardtii (Kruse 
et al., 1999). 

A similar approach could be used to screen 
Arabidopsis seedlings. For Arabidopisis thaliana, 
an independent fluorescence screening procedure 
designed to detect mutants unable to perform state 
transitions (Allen et al., 1995) reveals one phenotype 
produced by T-DNA insertion in a homologue of 
cyanobacterial psbZ , and 1 1 kDa protein associated 
with PS II (P. Davison, personal communication). 
The technique used (Fig. 8) allows visualization of 
Chi fluorescence during the full course of state tran- 
sitions (as in Fig. 1) that are induced by addition of 
light 1 (710 mn) to a continuous, combined light 2 
and excitation beam defined by a blue Coming 4-96 
filter. Chi fluorescence is imaged by a red-extended 
CCD camera (Photonic Science ISIS) blocked by a 
660 nm narrow -band interference filter. The imaged 
sequence was acquired, and processed by the program 
NIH-Image, using an Apple Macintosh computer. See 
also legend of Fig. 8. 



VI. Concluding Remarks 

What is required for a functionally useful de- 
scription of the interactions of the components of 
photosynthetic membranes is not necessarily the 
increased resolution that can be provided by X-ray 
crystallography, and by the refinement of electron 
crystallography. Even low-resolution structural stud- 
ies can be useful in revealing the supramolecular 
organization of biological membranes, although it is 
important to be able to identify tlie individual proteins 
securely. Perhaps future developments in providing 
a topographical map of native thylakoid membranes 
at subnanometer resolution and in different states 
(such as state 1 and state 2) can come from atomic 
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Fig. 7. Using fluorescence video imaging to screen for state transition mutants in microbes. In this case, the experimental organism 
is the cyanobacterium Synechocystis 6803. A collection of random mutants is plated out. and the video imaging system is set up to 
visualize Chi fluorescence from the colonies. Images of the colonies are recorded alter adaptation to the high fluorescence state 1 or 
to the low fluorescence state 2. The images are stored in the computer and digitally processed. First, the state 1 image is divided by the 
state 2 image to produce a ratio image (state 1/state 2). The grey-scale is then manipulated to produce a map showing the positions of 
all colonies in which the percentage fluorescence increase on transition to state 1 exceeds a certain threshold (state-transition map). 
The state 1 image is similarly manipulated to produce a map showing the positions of all the colonies (colony map). Finally, the state 
transition map is subtracted from the colony map to produce the ‘mutant map'. Any remaining white spots are colonies which are not 
performing state transitions (Emlyn-Jones et al.. 1999). 



force microscopy. Such techniques could fill a gap 
in the scale of resolution that is created by the high 
resolution of protein structure determination and the 
low resolution of more traditional microscopy carried 
out on native membranes. Direct visualization of the 
movement of intrinsic membrane complexes relative 
to each other may be possible in high-resolution light 
and fluorescence microscopy, though, again, interpre- 
tation of what is moving relative to what will depend 
on inferences from biochemistry, biophysics, and 



structural biology. The antiquity of their origin, and 
the evolutionary continuity of state transitions, is in- 
dicated by their fundamental similarity in chloroplasts 
and in cyanobacteria. This perspective offers reasons 
for optimism about the possibility of unraveling the 
molecular details of thylakoid structure, function and 
dynamics — as well as those of the regulatory and 
signaling processes whose core features must surely, 
too, have been conserved throughout the evolution 
of photosynthesis. 
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Fig. 8. Using fluorescence video imaging to screen for state transitions in Arabidopsis thaliana plants. Fluorescence is initially high 
(seen in light grey color in image 1 ), and falls after six minutes in the light of combined excitation beam and light 2 ( image 2). as LHC II 
becomes phosphorylated (giving state 2). Light 1. undetected by the camera, is switched on, and fluorescence falls as PS 11 traps open 
( image 3). to rise slightly after a further two minutes ( image 4). as LHC II becomes dephosphorylated (giving state 1 ). One plant, whose 
two leaves are seen near the center, behaves differently, and its fluorescence is consistently higher and less variable than that of others. 
The lighter the grey color the higher the chlorophyll fluorescence intensity at 660 nm. See also http://plantcell.lu.se/researcli/imaging. 



For further discussion of state changes, see Chapter 
19 (Bruce and Vasil’ev). 



Acknowledgments 

CWM would like to thank Mary Sarcina and Daniel 
Emlyn- Jones for their contributions to the work shown 
in Figs. 2 and 3 respectively and Biotechnology and 
Biological Sciences Research Council for research 
grants. JFA acknowledges grants from the Swedish 
Natural Sciences Research Council (NFR). 



References 

Allen JF ( 1992) Protein phosphorylation in regulation of photo- 
synthesis. Biochim Biophys Acta 1098: 275-335 
Allen JF and Forsbeig J (200 1 ) Molecular recognition in tliylakoid 
structure and function. Trends Plant Sci 6: 317-326 
Allen JF, Bennett J, Steinbaek ICE and Arntzen CJ ( 198 1 ) Chlo- 
roplast protein phosphorylation couples plastoquinone redox 
state to distribution of excitation energy between photosystems. 
Nature 291: 25-29 

Allen JF. Dube SL and Davison PA ( 1995) Screening for mutants 
deficient in state transitions using time-resolved imaging 
spectroscopy of chlorophyll fluorescence. In: Mathis P (ed) 
Photosynthesis: From Light to Biosphere. Vol III. pp 679-682. 
Kluwer Academic Publishers. Dordrecht 
Bennett J. Steinbaek KE and Arntzen CJ ( 1980) Chloroplast 
phosphoproteins: Regulation of excitation energy transfer by 
phosphory lation of tliylakoid membrane polypeptides. Proc 
Nat Acad Sci USA 77: 5253-5257 
Bonavcntura C and Myers J (1969) Fluorescence and oxygen 
evolution from C Morelia pyrenoidosa. Biochim Biophys Acta 
189: 366-383 

Bruce D, Biggins J, Steiner T andThewalt M ( 1985) Mechanism 
of the light state transition in photosynthesis. IV. Picosecond 
fluorescence spectroscopy of Anacystis nidulans and Porphy- 



ridium omentum in state 1 and state 2 at 77 K. Biochim Biophys 
Acta 806: 237 246 

Bruce D. Hanzlik CA, Hancock LE, Biggins J and Knox RS 
(1986) Energy distribution in the photochemical apparatus of 
Porphyridium cruentunv. Picosecond fluorescence spectros- 
copy of cells in state 1 and state 2 at 77 K. Photosynth Res 
10: 283-290 

Drepper F, Carlbeig I, Andersson B and Haehnel W ( 1993 ) Lateral 
diffusion of an integral membrane protein: Monte Carlo analysis 
of the migration of phosphorylated light-harvesting complex II 
in the tliylakoid membrane. Biochemistry 32: 1 1915-1 1922 

Emlyn-Jones D. Ashby MK and Mullineaux CW ( 1999) A gene 
required for the regulation of photosynthetic light-harvesting 
in the cyanobacterium Synechocystis 6803. Mol Microbiol 
33: 1050-1058 

Fleischmann MM, Ravanel S. Delosme R. Olive J, Zito F, Woll- 
man F-A and Rochaix J-D ( 1999) Isolation and characterization 
of photoautotrophic mutants of Chlamydomonas relnhardtii 
deficient in state transition. J Biol Chem 274: 30987 30994 

Fork DC and Satoh K (1983) State I-state II transitions in the 
thermophil ic blue-green alga (cyanobacterium) Synechococcus 
lividus. Photochem Photobiol 37: 421-427 

Gunning BES and Schwartz OM ( 1999) Confocal microscopy 
of tliylakoid auto fluorescence in relation to origin of grana 
and phylogeny in the green algae. Aust J Plant Physiol 26: 
695-708 

Holmes, NG and Allen. JF (1988) Protein phosphorylation in 
chromatophores from Rhodospirillum rubmm. Biochim Bio- 
phys Acta 935: 72-78 

Kotani H and Tabata S ( 1998) Lessons from the sequencing of 
the genome of a unicellular cyanobacterium. Synechocystis 
sp. PCC6803. Annu Rev Plant Physiol Plant Mol Biol 49: 
151-171 

Kruse O, Nixon PJ. Schmid GH and Mullineaux CW ( l999)Isola- 
tion of state transition mutants of Chlamydomonas relnhardtii 
by fluorescence video imaging. Photosynth Res 61: 43-51 

Mehta M. Sarafis V and Critchley C ( 1999)Thylakoid membrane 
architecture. Aust J Plant Physiol 26: 709-716 

Mullineaux CW (1992) Excitation energy transfer from phy- 
cobilisomes to Photosystem I in a cyanobacterium. Biochim 
Biophys Acta 1 100: 285-292 

Mullineaux CW ( 1994) Excitation energy transfer from phyco- 




Chapter 17 State Transitions in Oxygenic Photosynthesis 



461 



bilisomes to Photosystem I in a cyanobacterial mutant lacking 
Photo system II. Biochim Biophys Acta 1184: 71-77 
Mullineaux CW (1999) The thylakoid membranes of cyanobac- 
teria: Structure, dynamics and function. Aust J Plant Physiol 
26: 671-677 

Mullineaux CW and Holzwarth AR (1991) Kinetics of excita- 
tion energy transfer in the cyanobacterial phycobilisome-PS II 
complex. Biochim Biophys Acta 1098: 68-78 
Mullineaux CW, Boult M, Sanders CE and Allen JF (1986) 
Fluorescence induction transients indicate altered absorption 
cross-section during light state transitions in the cyanobacterium 
Synechococcus 6301. Biochim Biophys Acta 851: 147-150 
Mullineaux CW, Bittersmann E, Allen JF and Holzwarth AR 
(1990) Picosecond time-resolved fluorescence emission spectra 
indicate decreased energy transfer from the phycobilisome to 
Photosystem II in light-state 2 in the cyanobacterium Syn- 
echococcus 6301. Biochim Biophys Acta 1015: 231-242 
Mullineaux CW, Tobin MJ and Jones GR (1997) Mobility of 
photosynthetic complexes in thylakoid membranes. Nature 
390: 421-424 

MurataN (1969) Control of excitation transfer in photosynthesis. 
I. Light-induced change of Chi a fluorescence in Porphyridium 
cruentum. Biochim Biophys Acta 172: 242-251 
Myers J ( 197 1) Enhancement studies in photosynthesis. Ann Rev 
Plant Physiol 22: 289-312 

Olive J, M’Bina I, Vemotte C, Astier C and Wollman FA (1986) 
Randomization of the EF particles in thylakoid membranes 
of Synechocystis 61 14 upon transition from state I to state II. 
FEBS Lett 208:308-311 

Olive J, Ajlani G, Astier C, Recouvreur M and Vernotte C (1997) 
Ultrastructure and light adaptation of phycobilisome mutants 
of Synechocystis PCC6803. Biochim Biophys Acta 1319: 
275-282 

Roelofs TA, Lee C-H and Holzwarth AR (1992) Global target 
analysis of picosecond chlorophyll fluorescence kinetics from 
pea chloroplasts. Biophys J 61: 1 147-1 163 
Saito K, Williams WP, Allen JF and Bennett J (1983) Comparison 
of ATP-induced and state l-state 2 related changes in excitation 
energy distribution in Chlorella vulgaris. Biochim Biophys 
Acta 724: 94-103 

Sarafis V (1998) Chloroplasts: A structural approach. J Plant 



Physiol 152: 248-264 

Sarcina M, Tobin MJ and Mullineaux CW (2001) Diffusion of 
phycobilisomes on the thylakoid membranes of the cyanobac- 
terium Synechococcus 7942: Effects of phycobilisome size, 
temperature and membrane lipid composition. J Biol Chem 
276: 46830^16834 

Schatz GH, Brock H and Holzwarth AR (1988) Kinetic and 
energetic model for the primary processes in Photosystem II. 
Biophys J 54: 397^105 

Schluchter WM, Shen G, Zhao J and Bryant D (1996) Character- 
ization of psal and psaL mutants of Synechococcus sp. strain 
PCC7002: a new model for state transitions in cyanobacteria. 
Photochem Photobiol 64: 53-66 

Schreiber U, Endo T, Mi H and Asada K ( 1995) Quenching analysis 
of chlorophyll fluorescence by the saturation pulse method: 
Particular aspects relating to the study of eukaryotic algae and 
cyanobacteria. Plant Cell Physiol 36: 873-882 

SilversteinT, Cheng L and Allen JF (1993) Chloroplast thylakoid 
protein phosphatase reactions are redox- independent and kineti- 
cally heterogeneous. FEBS Lett 334: 101-105 

Staehelin LA and Amtzen CJ (1983) Regulation of chloroplast 
membrane function: Protein phosphorylation changes the 
spatial organisation of membrane components. J Cell Biol 
97: 1327-1337 

Teller A, Allen JF, Barber J and Bennett, J (1983) Thylakoid 
protein phosphorylation during state 1- state 2 transitions in 
osmotically shocked pea chloroplasts. Biochim Biophys Acta 
722: 176-181 

Trissl H and Wilhelm C (1993) Why do thylakoid membranes 
from higher plants form grana stacks? Trends Biochem Sci 
18: 415—419 

Turconi S, Kruip J, Schweitzer G, Rogner M and Holzwarth AR 
( 1996) A comparative fluorescence kinetics study of Photosys- 
tem I monomers and trimers from Synechocystis PCC 6803. 
Photosynth Res 49: 263-268 

Wendler J and Holzwarth AR ( 1987) State transitions in the green 
alga Scene desmus obliquus probed by time-re solved chlorophyll 
fluorescence spectroscopy and global data analysis. Biophys 
J 52: 717-728 

Williams WP and A lien JF (1987) State 1 /State 2 changes in higher 
plants and algae. Photosynthesis Res 13: 19^5 




Chapter 18 

Non-photochemical Energy Dissipation 
Determined by Chlorophyll Fluorescence Quenching: 
Characterization and Function 

G. Heinrich Krause* and Peter Jahns 
Institute of Plant Biochemistry, Heinrich Heine University Dusseldorf, 
Universitatsstrasse 1, D-40225 Dusseldorf, Germany 

Summary 464 

I. Introduction 464 

II. Definition of Quenching Parameters 465 

A. Photochemical Quenching 465 

B. Non-photochemical Quenching 466 

III. Characterization and Mechanisms of Non-photochemical Quenching 467 

A. Components of Non-photochemical Quenching and their Resolution 467 

B. Origins of Thermal Energy Dissipation 469 

C. Different Mechanisms of Non-photochemical Quenching 470 

1. Mechanisms of Energy-dependent Quenching, qE 470 

a. Role of Lumen pH 471 

b. Role of Xanthophylls 472 

c. Role of Antenna Proteins 473 

d. The Quenching Process 475 

2. Mechanisms of Photoinhibitory Quenching, ql 476 

a. Acceptor Side Inhibition 476 

b. Donor Side Inhibition 478 

c. Relationship between ql and the Xanthophyll Cycle 480 

d. Is Photosystem II a ‘Photon Counter’? 481 

IV. Function of Thermal Energy Dissipation 481 

A. Role of qE in Regulation of Lumen Acidification 482 

B. Role of qE in the Protection of PS II against Photoinhibition 482 

C. Role of qE in Protection against General Photo-oxidative Stress 483 

D. Thermal Dissipation of Excitation Energy Related to ql 484 

V. Conclusions 485 

Acknowledgments 485 

References 485 



* Author for correspondence, email: ghkrause@uni-duesseldorf.de 



George C. Papageorgiou and Govindjee (eds): Chlorophyll a Fluorescence: A Signature of Photosynthesis, pp. 463-495. 
© 2004 Springer. Printed in The Netherlands. 




464 



G. Heinrich Krause and Peter Jahns 



Summary 

Chlorophyll (Chi) a fluorescence has become an important non-invasive tool to investigate the utilization and 
dissipation of absorbed light energy in photosynthesis. In particular, analysis of Chi fluorescence quench- 
ing serves as a convenient, widely applied method to obtain complex information on the response of the 
photosynthetic apparatus in green plants to environmental factors. Whereas ‘photochemical quenching,’ qP, 
reflects the operation of the linear electron transport pathway, ‘non-photochemical quenching,’ qN, indicates 
thermal dissipation of excitation energy. In this chapter, basic characteristics of fluorescence quenching are 
described. The mechanisms of the two major components of qN, ‘energy-dependent quenching,’ qE, related 
to the trans-thylakoid proton gradient, and ‘photoinhibitory quenching,’ ql, associated with photoinhibition 
of photosynthesis, are reviewed in detail, considering the evidence obtained from the study of mutants and 
transgenic plants. In addition, the functions of qE and ql in thermal energy dissipation and photoprotection 
under conditions of excessive light are discussed. 



I. Introduction 

Efficient photosynthesis by plants in their natural 
environment requires optimal utilization of absorbed 
photons when sunlight is limiting (for a description 
of the molecular mechanisms of photosynthesis, 
see Ke, 2001; Blankenship, 2002). Mature plant 
leaves usually absorb more than 80% of the incident 
photosynthetically active light, and under optimal 
conditions utilize more than 90% of the absorbed 
photons in the primary photochemical reactions 
of the two photosystems. On the other hand, plants 
must protect their photosynthetic apparatus against 
potentially damaging effects of excessive light. In 
full sunlight, absorption of photons may be several 
times higher than needed to drive photosynthesis at 
maximum capacity. When biotic or abiotic stress 
restricts photosynthetic metabolism, even moderate 
light may become excessive and may result in de- 
structive photo-oxidative reactions. Excessive light 
leads to activation of molecular oxygen, forming as 
primary products superoxide radicals and the highly 

Abbreviations: Ax antheraxanthin; CAB - chlorophyll alb bind- 
ing; Chi - chlorophyll; DCCD N,N'-dicyclohexylcarbodiimide; 
LHCII - light harvesting complex of Photo system II; MV 
methy lviologen; NPQ non-photochemical quenching of Chi 
fluorescence; P680 - photochemical ly active reaction center Chi 
of PS II; PAR photosynthetically active radiation (400-700 nm); 
Phe pheophytin; PQ -plastoquinone; PS I - Photosystem I; PS II 
Photosystem II; Q A - primary quinone-type electron acceptor 
of PS II; Q a H 2 - reduced and protonated primary quinone-type 
electron acceptor of PS II; qE - energy- or pH-dependent Chi 
fluorescence quenching; ql - photoinhibitory Chi fluorescence 
quenching; qN -non-photochemical Chi fluorescence quenching; 
qP - photochemical Chi fluorescence quenching; qT - state- 
transition Chi fluorescence quenching; Vx - violaxanthin; VxDE 
- violaxanthin de-epoxidase; WT wild- type; Zx - zeaxanthin 



reactive singlet oxygen. In green plant cells, complex 
scavenger systems exist that minimize or prevent 
the detrimental effects of active oxygen species 
(Foyer and Mullineaux, 1994; Polle, 1997; Niyogi, 
2000). In the first line of defense, highly important 
mechanisms transform excessive excitation energy 
to heat in a harmless manner and thereby prevent or 
diminish the activation of molecular oxygen (Foyer 
andFIarbinson, 1999;Niyogi,2000). In order to allow 
optimal photochemistry to occur under limiting light, 
such energy-dissipating mechanisms must be strictly 
controlled and adjusted to environmental conditions. 
As chlorophyll (Chi) a fluorescence emission from the 
thylakoid membranes competes with photochemical 
and non-photochemical de-excitation of Chi a mol- 
ecules, an increase in rates of either primary photo- 
chemistry or non-photochemical energy dissipation 
is mirrored by fluorescence quenching. 

Early studies of the dynamics of Chi fluorescence 
emission revealed that during the induction phase of 
photosynthesis, fluorescence yield rises to a peak, Fg 
or maximum, F M within about one second and then 
is quenched to a low steady-state level (for historical 
aspects, see Govindjee, 1995). The quenching was 
first interpreted as being mainly due to enhancement 
of electron transport (Duysens and Sweers, 1963). It 
was recognized first by Papageorgiou and Govindjee 
(1968a,b) in studies with cyanobacteria and green 
algae, and by Murata and Sugahara (1969) and 
Wraight and Crofts (1970) with isolated thylakoids 
that Chi a fluorescence can also be quenched by a 
non-photochemical process, namely the build-up of 
the ‘high-energy state,’ i.e. by a high trans-thylakoid 
proton gradient and related structural alterations of 
the photosynthetic apparatus. The operation of such 
‘energy-dependent quenching’ (qE) mechanism in 
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intact isolated chloroplasts and in leaves was demon- 
strated by Krause (1973 ) and Krause et al. (1982). A 
linear con-elation between qE (calculated according 
to the Stem-Volmer equation) and H + concentration 
in the thylakoid lumen was proven (Briantais et al., 
1979; Krause and Weis, 1991). Studies with intact 
chloroplasts indicated that qE represents enhanced 
thermal energy dissipation (Krause et al., 1983), 
which protects the photosynthetic electron transport 
system against photoinhibition (Krause and Behrend, 
1986). Photoinhibition of Photosystem II (PS II) was 
shown to contribute to non-photochemical quenching 
(qN) (Demmig and Bjorkman, 1987; Krause, 1988; 
Krause and Somersalo, 1989). As a further compo- 
nent of qN, quenching related to ‘state transition’ 
(qT), i.e. excitation energy transfer out of PS II or 
redistribution of excitation energy between PS II and 
Photosystem I (PS I), was established (Bennett et al., 
1980; Horton and Black, 1980). 

The development of the pulse-amplitude modu- 
lated fluorescence technique (Schreiber et al., 1986) 
allowed the resolution of different quenching com- 
ponents in vivo (for a recent review see Krause and 
Jahns, 2003). Pioneering studies by Demmig et al. 
(1987) showedaclose correlation between qN (when 
qE was the major component) and the formation of 
zeaxanthin via the xanthophyll cycle (for historical 
accounts, see Govindjee and Seufferheld, 2002; 
Demmig-Adams, 2003). This initiated numerous 
investigations on the roles of the trans-thylakoid 
ApH, associated xanthophyll turnover and possible 
conformational changes of Chi a/b - binding antenna 
complexes. At the same time, fluorescence quench- 
ing analysis became widely used in plant science to 
assess adverse effects of environmental stresses on 
photosynthesis, as well as to study the capability of 
plants to induce protective mechanisms and thereby 
to acclimate to sub-optimal conditions. In the present 
chapter, we discuss in the light of recent evidence 
the nature, mechanisms and function of non-photo- 
chemical quenching related to thermal dissipation 
of excitation energy. 

It should be noted that in the literature, the term 
‘NPQ ’ (non-photochemical quenching) is often used 
synonymously with qE, disregarding the complex 
nature of non-photochemical quenching in vivo. 
Therefore, discussion of ‘NPQ’ is avoided here, 
although it is the preferred term used by others. The 
total non-photochemical quenching is designated 
as qN, and its major components as qE, ql and qT, 
which are related to ApH, photoinhibition and energy 



redistribution (Chapter 17, Allen and Mullineaux), 
respectively. This chapter is focused on fluorescence 
from leaves of vascular plants. Some aspects of 
fluorescence quenching in algae and cyanobacteria 
are, however, included. 



II. Definition of Quenching Parameters 

The light-induced decline of Chi fluorescence yield 
referred to the maximum yield, F M , in the dark- 
adapted, non-stressed state of a leaf (illustrated in 
Fig.l) has been quantified in the literature either 
as Stern- Volmer-type quenching (Govindjee, 1995; 
Lakowicz, 1999) or as ‘quenching coefficient’ (Sch- 
reiber et al., 1 986). In the Stem-Volmer approach, the 
quenching, q sv is expressed as AF/F, i.e. the quotient 
of the difference between F M and fluorescence level, 
F, in the quenched state ( AF = F M - F) over the level 
in the quenched state: 

q sv = AF/F = (F m - F)/F = F M /F - 1 (1) 

In theory, AF/F is linearly correlated with the con- 
centration of a diffusing quencher (Lakowicz, 1999; 
Chapter 1, Govindjee). 

The quenching coefficient, q c , defined by Sch- 
reiber et al. (1986) denotes the fraction of variable 
fluorescence yield that is lost due to a specific 
quenching process, 

Qc ~ 1 ~ Fy 2 /Fvi (2) 

where F V1 and F V2 are the variable Chi fluorescence 
yields in the unquenched and quenched states, re- 
spectively. As variable fluorescence is defined as the 
difference between F M and initial fluorescence yield, 
F 0 , in the state considered (F v = F M - F 0 ), calcula- 
tion of quenching coefficients require determina- 
tion of F 0 , which may be problematic, particularly 
under continuous illumination. An advantage of the 
Stern- Volmer approach is that it does not require 
the measurement of F 0 . Modes of measurement and 
calculation of specific quenching parameters have 
been described in more detail by Krause and Jahns 
(2003). A brief account is given below. (Also see 
Chapter 11, Schreiber.) 

A. Photochemical Quenching 

Fluorescence quenching under continuous illumina- 
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Fig. 1. Schematic presentation of a typical Chi a fluorescence signal and derived quenching parameters from a plant leaf, recorded 
with a modulation fluorometcr under moderate continuous actinic light (AL, around 300 //mol photons m 2 s '). The minimal (initial) 
fluorescence yield in the dark- and light-adapted state F 0 and F 0 ', respectively, is determined in weak modulated measuring light (ML) 
and the maximal fluorescence in the dark- and light-adapted state, F M and F M ', respectively, by applying additional saturating light pulses 
(P). Calculation of parameters: F v = F M - F 0 ; F v ' = F M ' - F 0 '; F v , = F - F 0 '; F denotes the total fluorescence yield at the time t under 
continuous actinic light; F VI is the actual variable fluorescence and F v ' the maximal variable fluorescence at the time t; photochemical 
quenching (qP) = 1 - F vt /F v \ Stern-Volmer type non-photochemical quenching (qN sv ) = F M /F M ' - 1 = (F M - F M ')/F M '. For calculation of 
further parameters (approximate values of qE and ql) see Thiele et al. (1997) and Krause and Jahns (2003). 



tion resulting from the competition of primary 
photochemistry in PS II with fluorescence emis- 
sion is called ‘photochemical quenching,’ qP, and is 
usually calculated as a quenching coefficient. The 
coefficient qP is related to the probability by which 
excitons in the PS II antenna system will initiate a 
photochemical reaction; for qP = 0, this probability 
is zero, for qP = 1 it is maximal, the maximum be- 
ing determined by competing non-photochemical 
deactivation processes. The photochemical quenching 
coefficient is defined as 

qP=l-F Vt /F v ' (3) 

where F Vt is the actual variable Chi fluorescence 
(i.e. the difference between total fluorescence, F, and 
initial fluorescence, F 0 \ at the time t; F Vt = F — F 0 ') 
and F v ' the maximum variable Chi fluorescence at 
the time t of measurement (F v ' = F M ' - F 0 ') (see 
Fig. 1). The limits of qP are 1 and 0, when the 
fluorescence level F is at F 0 ' or F M ', the initial or 
maximal total fluorescence in the light, respectively. 
F m ' is obtained in the pulse-modulated system by 
means of a superimposed strong light pulse of about 
1 s duration that leads to full reduction of Q A , the 
primary quinone-type electron acceptor of PS II. F 0 ' 



can be measured when the actinic light is turned off 
and all Q A becomes oxidized in the dark (or under 
weak far-red illumination that preferentially excites 
PS I). Thus, qP provides an approximate measure of 
the redox state of Q A under continuous actinic light. 
The parameter 1 -qP is frequently used as a measure 
of 'excitation pressure' in PS II and the redox state 
of the plastoquinone pool (Osmond, 1994; Savitch 
et al., 1996; Wilson and Huner, 2000). However, due 
to connectivity between PS II units, qP (or 1 -qP) is 
not strictly linearly related to the redox state of Q A 
and plastoquinone (Havaux et al., 1991; Krause and 
Jahns, 2003). 

B. Non-photochemical Quenching 

In numerous studies, total non-photochemical 
fluorescence quenching has been calculated using 
the Stern-Volmer equation. This parameter is termed 
here 4 qN sv ’ to distinguish it from the coefficient of 
total non-photochemical quenching, 4 qN c ’ (see be- 
low). Under continuous illumination, qN sv can be 
easily recorded with a pulse-modulated fluorometer 
by superimposing strong light pulses that saturate 
reduction of Q A (see Fig. 1 ). The quenching parameter 
is defined as 
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qN sv = FM/V-l (4) 

where F M is the maximum total fluorescence in 
the dark-adapted, non-stressed state and F M ' the 
maximum total fluorescence in the light at the time of 
measurement. It should be noted that qN sv is identical 
with the term ‘NPQ’ used in many publications for 
Stem-Volmer type total non-photochemical quench- 
ing. According to the simple fluorescence model of 
Butler and coworkers (Butler, 1978) qN sv denotes the 
relative increase, Ak N , in the sum of rate constants of 
non-photochemical deactivation processes, referred 
to the sum of non-photochemical rate constants, k N , 
in the dark-adapted state (Krause and Jahns, 2003). 

qN sv = Ak N /k N (5) 

In contrast, the quenching coefficient, qN c , consid- 
ers the fraction of maximum variable fluorescence 
that is quenched referred to the maximum variable 
fluorescence in the dark-adapted state, F v : 

qN c = 1 - F v '/F v (6) 

where F v ' is the maximum variable Chi fluorescence 
at the time of measurement obtained with a saturating 
pulse (Fig. 1). Quenching coefficients have proven 
as useful parameters in many investigations of non- 
photochemical energy dissipation. Flowever, based on 
model calculations it has been argued (Havaux et al., 
1991) that qN c also depends on the rate constant, k p of 
the primary photochemical reaction in open reaction 
centers of PS II, according to the equation 

1 -qN c = [k p / (k F + k H + k s )] t /[k p /(k F +k H + k s )] dark 

(7) 

where k p k f> k H and k s are rate constants of photo- 
chemistry, fluorescence emission, heat formation and 
‘spillover’ of excitation energy from PS II to PS I, in 
the state at the time ‘t’ of measurement and in the 
dark-adapted state, respectively. Experimental data 
put into the model indicated that the increase in qN c 
observed as a function of light intensity in leaves of 
pea (Pisum sativum ) was partly caused by a decrease 
in k p but predominantly related to an increase in the 
sum of k F + k H + k s . When changes in k s (spillover) 
are negligible and k F can be considered to remain 
constant (Havaux et al., 1991), qN c would largely, 
but not exclusively, reflect an increase in k H (thermal 
deactivation). 



The quenching coefficients qN c and qP are not ad- 
ditive, but the total quenching coefficient of variable 
Chi fluorescence, q c is obtained as 

l-q c = (l-qP)(l-qN c ) (8) 



III. Characterization and Mechanisms of 
Non-photochemical Quenching 

A. Components of Non-photochemical 
Quenching and their Resolution 

Three major components of qN have been identified 
in plant leaves in vivo. These will be briefly charac- 
terized before mechanisms are discussed in more 
detail: 

(i) Energy-dependent (or Apt J-dependent) quench- 
ing, qE, occurs when a high trans-thylakoid proton 
gradient is built up in excessive light (Krause et al., 
1982). A lumen pH below 6 activates the violax- 
anthin de-epoxidase (VxDE) (Eskling et al., 1997; 
Yamamoto et al. , 1 999) that transforms violaxanthin 
(Vx) to antheraxanthin (Ax) and zeaxanthin (Zx). 
In one view, protonation of certain carboxylic resi- 
dues of PS II antenna protein complexes in concert 
with binding of Zx (and Ax) cause conformational 
changes that result in enhanced thermal deactivation 
of Chi a and thus in fluorescence quenching (Crofts 
and Yerkes, 1994; Ruban and Horton, 1995a; Bassi 
and Caffarri, 2000; Horton et al., 2000). In another 
view, quenching is caused by excitation energy being 
transferred to zeaxanthin and there converted to heat 
(Frank et al., 1994; Owens, 1994). 

(ii) Photoinhibitory quenching, ql, is related to 
photoinhibition of photosynthesis manifested by 
partial inactivation of PS II and an associated decline 
in the optimal quantum yield of photosynthetic C0 2 
assimilation and 0 2 evolution. Upon prolonged ex- 
posure of leaves to highly excessive light or under 
light-stress conditions that restrict energy utilization 
in metabolism, ql becomes a large component of qN 
(for an earlier review see Krause, 1988). It has been 
shown that qE diminishes the development of ql, 
i.e. qE mitigates photoinactivation of PS II (Krause 
and Behrend, 1986; Oxborough and Horton, 1988; 
Thiele and Krause, 1994). However, a transition of 
PS II from the qE to the ql state appears to be pos- 
sible (van Wijk and van Hasselt, 1993a). In part, ql is 
caused by inactivation of the D1 protein in the PS II 
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reaction center (Aro et al, 1993). However, the na- 
ture of ql is not yet fully clear. There are at least two 
subcomponents of ql since, apart from inactivation 
of D 1 , binding of Zx to PS II antennae appears to be 
involved in ql formation (Jahns and Miehe, 1996; 
Thiele etal., 1996, 1998). 

(iii) State-transition quenching, qT, indicates a 
regulatory process that balances the distribution of 
excitation energy between the two photosystems 
(Bennett etal., 1980; Horton and Black, 1980; Krause 
and Behrend, 1 983 ; J. F. Allen, 1 992) and is regulated 
by phosphorylation and following detachment of 
peripheral (major) light-harvesting complexes of 
PS II (LHCIIb) encoded by the Lhcbl, Lhcb2 and 
LhcbS genes. Adjustment of energy distribution is 
particularly important in low, limiting light when 
qT may become the major qN component. In high 
light, phosphorylation of a mobile LHCIIb appears 
to be inhibited by the high trans-thylakoid ApH. Then 
dephosphorlylation occurs and the contribution of qT 
to overall qN may become negligible (Walters and 
Horton, 1991, 1993; SchanskerandvanRensen, 1999, 
and references therein). At present, it is not certain 
whether the light energy captured by the phosphory- 
lated complexes is transferred to PS I, as originally 
suggested, or is dissipated by a non-photochemical 
process. The latter possibility was favored by studies 
ofWalters and Horton (1991, 1993). DataofLundeet 
al. (2000), however, support the hypothesis of excita- 
tion energy transfer to the weakly fluorescent PS I, 
i.e. enlargement of the PS I absorption cross section. 
Although energy redistribution between PS II and 
PS I results in a non-photochemical decline in PS II 
fluorescence intensity, it does not represent increased 
thermal energy dissipation when the transferred 
energy is utilized in the photochemical reaction of 
PS I. As qT is suppressed under excessive illumina- 
tion, it should not be regarded as a photoprotective 
mechanism. This point of view has been confirmed 
recently in a study with mutants of Chlamydomonas 
reinhardtii deficient in state transition. The mutant 
exhibited a slower growth rate under photoautotrophic 
conditions compared to the wild-type (WT) strain, 
but was not more susceptible to photoinactivation of 
PS II (Fleischmann et al., 1999). For details on the 
mechanism of state transition and related fluorescence 
phenomena see Chapter 17, Allen and Mullineaux. 

Like total qN, its components can be expressed 
either as Stem-Volmer type quenching or as quench- 
ing coefficients. In the Stem-Volmer approach, qN sv 
is the sum of all components: 



qN sv qE sv + qT sv + qlsv (9) 

whereas individual quenching coefficients are related 
to qN c according to 

(l-qN c ) = (l- qE c ) (1 - qT c ) (l-ql c ) (10) 

Although the quenching coefficients are theo- 
retically more complex than the Stern- Volmer type 
parameters, particularly qE c has often been used to 
assess photosynthetic performance under light stress 
(Krause and Jahns, 2003). 

The above-mentioned three components of qN can 
in principle be resolved by means of their different 
relaxation kinetics in the dark (Horton and Hague, 
1988; Quick and Stitt, 1989; Jahns and Krause, 
1994; Muller et al., 2001). Typical half-times, Q, 
for relaxation in leaves are about 1 min for qE, 5—10 
min for qT and >30 min for ql. Relaxation of qE was 
found to occur with t, A of about 1 5 s in isolated intact 
chloroplasts and t, A of about 5 s in cells of Chlorella 
pyrenoidosa (Krause et al., 1982). When in leaves 
under high-light stress qT is negligible (see above ), 
qN can be resolved into a fast and a slowly relaxing 
component corresponding approximately to qE and 
ql (G. S. Johnson et al., 1993; Xu et al., 1999a). 
Whereas qE usually relaxes fully within about 10 min 
dark time, ql relaxation is much slower (up to several 
hours), but is enhanced under low light (around 30 
/«nol photons nr 2 s -1 ) (Skogen et al., 1986; Leitsch 
et al., 1994). Two phases of ql relaxation and, in ad- 
dition, a ql component persisting for many hours in 
low light or darkness have been described (Sections 
III.B and III.C.2.c). 

In numerous investigations, photoinhibitory 
quenching has been expressed in terms of a decrease 
in the ratio of maximum variable to maximum total 
Clil fluorescence, F V /F M , measured, e.g., after a 10 
min dark time, when qE has relaxed, but ql is still 
largely present. According to the model of Butler 
(1978), the term F V /F M denotes the potential quantum 
efficiency of PS II. This holds true also for the more 
recent ‘radical pair equilibrium model’ (Schatz et 
al., 1988; Holzwarth, 1991; Holzwarth and Roelofs, 
1992), as confirmed by model calculations (Trissl 
and Lavergne, 1994; Lavergne and Trissl, 1995). 
Empirically, a close correlation between F V /F M and 
optimal quantum yield of photosynthesis (measured 
in limiting light ) has been observed in many cases 
(Krause and Weis, 1991). As the F V /F M ratio of dark- 
adapted, non-stressed leaves is remarkably uniform 
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among either C 3 or C 4 plant species (Bjorkman and 
Demmig, 1987), photoinhibition of PS II can be 
easily detected by means of persistently lowered 
F v /F m values. In several studies, also the decline 
of the parameter (1/F 0 ) — (1/F M ) has been used as 
an indicator of photoinactivation of PS II (Havaux 
et al., 1991; Walters and Horton, 1993; Park et al., 
1995; Lee et al., 1999, 2001; Chapter 3, Baker and 
Oxborough). 

B. Origins of Thermal Energy Dissipation 

There is now general agreement that qE and ql, the 
major components of qN under excessive light, are 
caused by enhanced thermal deactivation of excited 
Chi. Based on fluorescence spectroscopy at 77K, the 
fluorescence quenching in isolated thylakoids and 
intact cells of Chlorella pyrenoidosa observed in the 
presence of phenazine methosulfate (which medi- 
ates build-up of a ApH by catalyzing cyclic electron 
transport around PS I) was suggested to result from 
non-radiative heat loss (P. Mohanty et al., 1973; P. 
Mohanty and Govindjee, 1973). Evidence for thermal 
energy dissipation in the absence of artificial cofactors 
was obtained from Chi fluorescence emission spectra 
at 7 7K of Chlorella cells frozen at various levels of qE 
(Krause et al., 1982). Plotting the fluorescence yield 
at 720 nm (PS I) versus the fluorescence yield at 685 
nm (PS II) showed that the quenching was not caused 
by increased energy transfer to PS I and therefore had 
to be attributed to thermal deactivation in PS II. This 
was confirmed for isolated intact spinach chloroplasts 
(Krause et al., 1 983). Normalized fluorescence emis- 
sion spectra at 77K of samples frozen in the qE state 
exhibited a decreased fluorescence yield of PS II (695 
nm) and to a lesser degree also of PS I (735 nm), 
which excluded an increase in energy transfer. 

The application of the photoacoustic technique 
for purposes of photosynthesis research (Malkin and 
Cahen, 1979; Bults et al., 1982; Buschmann et al., 
1984) made it possible to directly measure heat emis- 
sion from leaves related to qN. Increased heat emis- 
sion was first demonstrated for ql in photoinhibited 
leaves (Buschmann, 1987; Havaux, 1989) and later 
also for qE in isolated thylakoids (Mullineaux et al., 
1994; Yahyaoui et al., 1998). However, in several 
photoacoustic studies, increased energy dissipation 
related to qE could not be demonstrated (Havaux, 
1989; Buschmann and Kocsanyi, 1989; Buschmann, 
1999). In the study by Yahyaoui et al. (1998), the 
promoting effect of Zx on qE was not paralleled by 



an increase in the photoacoustic heat emission signal. 
It appears questionable whether the photoacoustic 
method is suited to detect thermal energy dissipation 
in all cases. On the other hand, fluorescence lifetime 
(t) analyses, showing a decrease in the mean x that 
results from a decrease in amplitude of a long-lived 
decay component and increase in amplitude of a short 
lived component (Gilmore etal., 1995, 1 998), clearly 
support the view that qE and ql are related to enhanced 
thermal deactivation (Chapter 21, Gilmore). 

There has been a long debate whether thermal 
energy dissipation originates in the antennae or re- 
action center of PS II. In earlier publications, it was 
suggested that qE is localized in the antennae and 
ql in the reaction center of PS II, since qE is related 
to quenching of initial fluorescence, F 0 (besides 
quenching of F v ), i.e., it is independent of processes 
in the reaction center (Demmig and Bjorkman, 1987; 
Horton and Ruban, 1992, 1993; Spundaetal., 1997; 
Thiele et al., 1997). In contrast, ql is not associated 
with F 0 quenching. In photoinhibited leaves, either 
little changes (Briantais et al., 1992; Schnettger et 
al., 1994; Thiele et al., 1997) or increases in F 0 have 
been observed (e.g. Demmig and Bjorkman, 1987; 
Somersalo and Krause, 1989; Kirilovsky et al., 
1990; van Wijk and van Hasselt, 1993b; Leitsch et 
al., 1994; Hong and Xu, 1999). Increases in F 0 were 
interpreted as resulting from an inactivation of the 
PS II reaction center (Demmig and Bjorkman, 1987). 
This hypothesis has been more or less confirmed for 
qE, although in the literature arguments can be found 
for attributing qE fully or partially to processes in the 
reaction center (Weis and Berry, 1987; Krieger and 
Weis, 1992; Wagner etal., 1996; Richter etal., 1999). 
However, in view of the strong dependence of qE on 
the presence of Zx (and Ax), it is plausible that qE 
is localized in the Chi a/6-binding (CAB) antennae 
of PS II, where the xanthophylls are bound. In PS II, 
most of the xanthophyll cycle pigments, Vx, Ax and 
Zx, have been found to be located in the i n ner (minor) 
LHC II complexes, CP29, CP26 and CP24 (encoded 
by the Lhcb4, Lhcb5 and Lhcb6 genes, respectively; 
Bassi et al., 1993; Lee andThomber, 1995; Yama- 
moto and Bassi, 1996; Farberetal., 1997; Goss etal., 
1997; Bassi and Caffarri, 2000). This suggests that 
these minor C AB proteins play an important role in 
the formation of qE. 

The picture has to be modified in view of the finding 
that in antisense plants of Arabidopsis thaliana lack- 
ing either the CP26 or CP29 protein, qE is not or only 
slightly affected in comparison to the WT ( Andersson 
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et al., 2001). In the npq5 mutant of Chlamydomonas 
reinhardtii that lacks a specific LHCIIb, non photo- 
chemical quenching of Chi fluorescence is greatly 
reduced suggesting a critical role of LHCIIb in this 
phenomenon (Elrad et al. 2002). However, this 
conclusion may not apply to Arabidopsis thaliana 
(Govindjee, 2002). Matters become more complicated 
by the identification of mutants showing that the psbS 
gene, which codes for the PS II subunit PsbS or CP22 
(Kim et al., 1994; Funk et al., 1995) is essential for 
a functional qE-mechanism (Li et al., 2000; GraBes 
et al., 2002; Chapter 20, Golan et al.). It remains to 
be elucidated whether the PsbS protein is directly 
involved in energy dissipation or only mediates it in 
one of the antenna complexes of PS II (Section III. 
C . 1 . c). Further, the psbS gene product has not yet been 
found in Chlamydomonas (Elrad et al., 2002). 

The origin and function in vivo of a putative Zx- 
independent qE component is not yet clear. Jahns 
and Schweig (1995) attributed this component to the 
peripheral (major) light harvesting complexes (LH- 
CIIb) because in leaves of intermittent-light grown 
pea plants that are deficient in peripheral LHCIIb, 
no Zx-independent qE could be detected. Possibly, 
lutein, the major xanthophyll of peripheral LHCIIb, 
plays a role in Zx-independent qE (Section III. C). 
In contrast, based on time-resolved studies of qE, a 
location of Zx-independent qE in the reaction center 
has been suggested (Wagner et al., 1996; Richter et 
al., 1999). 

In the case of ql, which obviously consists of 
several components, the localization of quenching is 
even less certain. Controversial evidence regarding 
origin and mechanism of ql can be found in several 
reports. Two components of ql have been resolved 
in leaves of several species based on different relax- 
ation kinetics (halftimes of less than 30 min or more 
than 1 h) of F V /F M in low light (Leitsch et al., 1994; 
Thiele et al., 1996, 1998). Only the slower phase of 
relaxation appeared to be associated with inactivation 
of the D1 protein and thus can be clearly attributed 
to the reaction center of PS II. A number of studies 
show that in certain well acclimated leaves, tins ql 
component may be minor or negligible, e.g., in young 
sun leaves oftropical forest trees (Krause etal., 1995; 
Thiele etal., 1997), leaves of cold-acclimated spinach 
(Thiele et al., 1996) or high-mountain plants (Streb 
etal., 1997). 

The fast phase of ql relaxation was found to be un- 
related to D1 protein turnover, but closely correlated 
with re-conversion of Zx to Vx via the xanthophyll 



cycle (Thiele et al., 1996, 1998). This component 
of ql probably originates in the CAB antennae. 
From flash-yield studies of 0 2 evolution in leaves 
of sunflower ( Helianthus annuus), Laisk and Oja 
(2000a) concluded that qE originated in the antennae, 
but that a fast (15-20 min) reversible ql was due to 
i na ctivation of part of the PS II reaction centers. The 
picture becomes more complex, as in pea leaves both 
the slow and fast relaxing components were closely 
correlated with Zx epoxidation (Jahns and Miehe, 
1996). Particularly in response to low-temperature, 
combined with excess-light stress, persistent ql last- 
ing for many hours appears to be associated with 
sustained levels of Zx (Verhoeven et al., 1996) and 
therefore is supposedly dependent on processes in 
the antennae. Part of the persistent Zx-related ql may 
result from a trans-thylakoid ApH sustained by ATP 
hydrolysis, which maintains the VxDE in a partially 
active state (Gilmore, 1997; Koroleva etal., 1998). 
Such quenching component must be regarded as a 
persistent type of qE and accordingly is localized in 
the antenna system of PS II. 

C. Different Mechanisms of Non-photochemi- 
cal Quenching 

1. Mechanisms of Energy-dependent 
Quenching, qE 

According to current understanding, the energy-de- 
pendent fluorescence quenching, qE, is based on a 
synergistic action of the lumen pH, xanthophyll bind- 
ing and conformational changes in antemia proteins 
of PS II giving rise to the generation of quenching 
centers (summarized in Fig. 2; also see a scheme in 
Gilmore et al., 1998). The isolation and character- 
ization of a variety of mutants with reduced qN led 
to the verification of the predictions derived from 
earlier biochemical and physiological investigations. 
In particular, these mutant studies corroborated the 
formerly proposed functions of the xanthophyll cycle 
pigments (Niyogi et al., 1997a, 1998) and lumen 
pH (Munekage et al., 2001; Govindjee and Spilotro, 
2002 ) in qE. Additionally, the essential requirement 
of the PsbS protein for qE (Li et al., 2000; GraBes 
et al., 2002) and a possible function of lutein in 
qN (Pogson et al., 1996, 1998; Pogson and Rissler, 
2000 ) have been established. On the other hand, the 
proposed crucial role of the minor LHC II proteins, 
CP26 and CP29 in the qE mechanism (Section III. 
B), has been questioned (Andersson et al., 2001). In 
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Fig. 2. Schematic depiction of the proposed molecular basis 
of the energy- or pH-dependent thermal dissipation of excita- 
tion energy indicated by fluorescence quenching, qE. Lumen 
acidification to or below pH 5.8 under high light intensities 
induces the activation of the violaxanthin de-epoxidase (VxDE) 
resulting in the formation of zeaxanthin. In parallel, protonation 
of lumen-exposed carboxy groups of PS II antenna proteins and 
the PsbS protein results in conformational changes in these pro- 
teins. The pH-induced conformational changes lead in presence 
of zeaxanthin to thermal dissipation of excitation energy in the 
antenna system of PS II. 

the following, we will give a brief overview of earlier 
work and will focus on controversial points related 
to qE in the light of recent studies. 

a. Role of Lumen pH 

The trans-thylakoid ApH has a complex and impor- 
tant function in the general control of photosynthesis 
(Chapters 10, Kramer et al.; 19, Bruce and Vasil’ev; 
20, Golan et al.; 21, Gilmore; and 22, Adams and 
Demmig- Adams). The ApH is not only the driving 
force for ATP synthesis, but also regulates electron 
transport through PS II and the cytochrome /^/com- 
plex. The pH in the thylakoid lumen is considered to 
be central to the feedback regulation of photosynthesis 
(Kramer et al., 1999; also Chapter 10, Kramer et 
al.). The dissipation of excess light energy via the 
qE-mechanism represents one of these regulatory 
processes. 

The requirement of a low lumen pH for qE has 
been established long ago by demonstrating a linear 



relationship between qE sv and lumen H + concen- 
tration (Briantaisetal., 1979; Krause and Weis, 1991). 
Several studies showed that qE is induced below pH 6 
(Weis and Lechtenberg, 1989; Krieger et al., 1992; 
Heinze and Dau, 1996; Bruce et al., 1997; Horton 
et al., 2000). The critical threshold at about pH 6 for 
qE has been confirmed with an Arabidopsis mutant 
defective in the Rieske protein of cytochrome b t f 
complex. This mutant is unable to reduce the lumen 
pH below 6, as estimated by 9-aminoacridine fluores- 
cence quenching (Munekage et al., 200 1 ; Jahns et al. 
2002). Kramer et al. ( 1 999; also Chapter 10, Kramer 
et al.) proposed that in intact plants the lumen pH 
is regulated in a way that it drops only slightly, but 
distinctly, below pH 6. Such moderate pH values 
(around 5.8) would allow the activation of VxDE 
(Hager 1969; Pfiindel and Dilley, 1993; Eskling et 
al., 1997; Jahns and Heyde, 1999) and would not 
restrict electron transport through the cytochrome 
b 6 f complex and the water oxidase (Kramer et al., 
1999; Chapter 10, Kramer et al.). 

Under in vitro conditions, the relationship between 
lumen pH and qE can be altered by several treatments. 
The induction of qE can be shifted to more alkaline 
pH in the presence of high Zx concentrations (Rees 
et al., 1989; Ruban et al., 1994; Horton et al., 2000), 
high Mg 2 ~-concentrations (Noctor et al., 1 993) and by 
addition of dibucaine (Krause et al., 1 988; Noctor et 
al., 1993; N. Mohanty and Yamamoto, 1995; Gilmore 
and Yamasaki, 1 998). In contrast, the threshold of qE 
generation is shifted to more acidic pH in the presence 
of antimycin (Krause et al., 1 988; Noctor and Horton, 

1 990, N. Mohanty et al., 1 995) and detergent (Ruban 
and Horton, 1992). In a study comparing the action 
of different inhibitors on qE and rapidly reversible 
absorbance changes around 535 nm, the participa- 
tion of protons sequestered within the thylakoid 
membrane, in addition to the transmembrane ApH, 
in qE formation has been proposed (N. Mohanty et 
al., 1995). 

These characteristics indicate that the pH-regu- 
lation of qE is a complex process involving more 
than simply the protonation of a single carboxylic 
residue with a well-defined pK value. Different fac- 
tors seem to regulate the pH-dependence of qE at 
various levels, allowing a flexible adjustment of 
energy dissipation in response to rapid changes in 
physiological requirements. Horton et al. (2000) 
put forward a model of the allosteric regulation of 
light-harvesting and energy dissipation in PS II to 
explain most of the recent experimental findings. 
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Following this model, the protonation of pigment- 
binding proteins supposedly cause an allosteric 
conformational change, which so far has not been 
characterized on a molecular-structural basis. The 
conformational alteration perse might induce some 
Zx-independent quenching, as long as the ApH is 
very high and no Zx, or only an insufficient amount 
of Zx, is available. Obviously, binding of Zx (and Ax) 
promotes or modifies the conformational change in a 
manner leading to enhanced thermal deactivation of 
excited Chi a, as expressed by increased fluorescence 
quenching (Horton and Ruban, 1992). This is related 
to shortened lifetime, and thus to lowered quantum 
yield of Chi fluorescence) Gilmore etal., 1995, 1998; 
Gilmore, 1997,2001). 

b. Role of Xanthophylls 

Numerous studies document a crucial function of 
Zx in the energy -dependent quenching mechanism 
(Demmig- Adams et al., 1990; Gilmore and Yama- 
moto, 1993; Gilmore et al., 1995; Jahns and Schweig, 
1995; Demmig- Adams and Adams, 1996; Horton et 
al., 1996). It has been demonstrated, e.g., with iso- 
lated thylakoid membranes, that the presence of Zx 
alone, in the absence of a ApH, does not induce any 
quenching (Thiele and Krause, 1994; Horton et al., 
1994; Gilmore et al., 1995; Horton etal., 1999). The 
synergistic action of the trans-thylakoid ApH and Zx 
(and Ax, see below) resulting in formation of qE has 
been reviewed in detail, among others by Horton et 
al. (1996, 1999, 2000). 

Phenotypic screening for altered characteristics 
of qN allowed the identification of mutants with 
a defective xanthophyll cycle in Chlamydomonas 
reinhardtii (Niyogi et al., 1997a) and Arabidopsis 
thaliana( Niyogietal., 1998; Chapter 20, Golan etal.). 
Analysis of these mutants verified the requirement 
of Zx for qE. In so-called npql mutants lacking the 
VxDE and therefore Zx formation in high light, the 
extent of qN was strongly reduced in Arabidopsis, 
whereas in the analogous mutant of Chlamydomonas 
the effect was less pronounced. The higher qN in the 
Chlamydomonas mutant can possibly be explained 
by a higher ApH or an altered pH-dependence of qE 
(Horton et al., 2000). It is unknown how many mol- 
ecules of Zx (and at which binding sites) are required 
for the generation of maximum qE. In a study with a 
poikilohydric moss, Bukhov et al. (2001) concluded 
that under optimal conditions one molecule of Zx per 
PS II can account for efficient energy dissipation. 



Characterization of the npq5 mutant of Chlamydo- 
monas brought evidence for a specific role in genera- 
tion of qE of the Lhcbml protein, a component of 
trimeric LHC II in the green alga (Elrad et al., 2002). 
In higher plants, about three to fivetrimers of LHC II 
(composed of Lhcbl and Lhcb2 proteins ) are orga- 
nized together with the monomeric antenna proteins 
Lhcb3-6 to form an oligomeric antenna system, which 
binds about 200-300 Chi (Dainese and Bassi, 1991; 
Harrison and Melis, 1992; Jansson, 1994). Analysis 
of the binding stoichiometries of xanthophylls to 
LHC II complexes indicated that about one Zx per 
LHC II monomer is bound to oligomeric LHC II, but 
much lower amounts to isolated trimers (Ruban et 
al., 1999), indicating a loss of xanthophylls during 
preparation of trimeric LHC II. From resonance Ra- 
man spectroscopic measurements it was concluded 
that the molecular configuration of Zx in isolated 
oligomeric LHC II, butnot in isolated LHC II trimers, 
is the same as in thylakoid membranes (Ruban et 
al., 2002a). The qE-related absorbance changes at 
535 nm (AA 535 ) in intact leaves and thylakoids have 
been attributed to a PsbS-dependent red-shift in the 
absorbance of two Zx molecules per PS II (Ruban 
et al., 2002b). Taken together, these data indicate 
that binding of 1-2 molecules of Zx to a specific 
binding site in one of the trimeric LHC II complexes 
may be involved in the generation of qE. However, 
there is probably a dynamic equilibrium between Zx 
bound to antennae of both PS II and PS I (Farber et 
al., 1997) and free Zx diffusible in the lipid matrix 
of the thylakoid membrane. Therefore, a relatively 
large Zx pool is required for occupying all specific, 
qE-promoting binding sites and, thus, for obtaining 
maximum qE formation. This could explain observed 
correlations between pool size of xanthophyll cycle 
pigments and capacity for qE formation, e.g. the 
finding by Verhoeven et al. (200 1 ) that in transgenic 
tobacco ( Nicotiana tabacum) plants, already a 40% 
reduction in Zx levels substantially lowered the extent 
of qE in comparison to the WT. 

Mutants with a defective Zx epoxidase (called npql 
and aba mutants), which are not able to convert Zx 
to Vx and thus contain permanently high levels of 
Zx, showed normal or slightly reduced levels of qN 
(Tardy and Havaux, 1996; Hurry et al., 1997; Niyogi 
et al., 1997a; 1998). The most notable difference in 
comparison with WT plants was the accelerated rate 
of qN formation found in the npq2 mutant of Arabi- 
dopsis (Niyogi et al., 1998). Tins is consistent with a 
study showing that in leaves, chloroplasts and isolated 
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LHC II complexes from spinach the rate constant of 
qE induction was increased in the presence of Zx 
(Ruban and Horton, 1999). By means of fluorescence 
lifetime imaging (Holub et al., 2001), a shortened 
lifetime of Chi a fluorescence was found for the npq2 
mutant of Chlamydomonas compared to the WT, 
indicating a reduced quantum yield of fluorescence 
emission (Govindjee and Seufferheld, 2002). At very 
low light intensities ( 1 0 /mrol nr 2 s -1 ), the npq2 mutant 
grew much more slowly than the WT and the npql 
mutant (Govindjee and Seufferheld, 2002). This ef- 
fect was ascribed to thermal energy dissipation in the 
npq2 mutant due to the permanently high Zx level, 
which would strongly reduce photosynthesis under 
strictly limiting light. 

In addition to the undisputed function of Zx in the 
generation of maximum qE, the portion of qE that 
is retained in the Chlamydomonas and Arabidopsis 
npql mutants (Niyogi etal., 1997a, 1998; Govindjee 
and Seufferheld, 2002) indicates a supplementary, 
Zx-independent component of qE. Such fraction of 
qE has indeed been observed earlier at low lumen 
pH(Bilgeretal., 1989; Demmig- Adams etal., 1990; 
Thiele and Krause, 1994). Gilmore and co-workers 
favored the idea that the Zx-independent portion of 
qE can be attributed exclusively to the function of 
Ax (Gilmore and Yamamoto, 1993; Gilmore et al., 
1 998). A Zx-independent qE was, however, observed 
in thylakoids when only negligible amounts of Ax 
were present (Thiele and Krause, 1994). On the 
other hand. Ax can substitute for Zx, as shown by 
an analysis of fluorescence lifetimes in the marine 
prasinophycean alga Mantoniella squamata (Gilm- 
ore and Yamamoto, 2001). The xanthophyll cycle in 
Mantoniella differs from that in higher plants in so 
far as mainly Ax and only little Zx is accumulated 
even under extreme light conditions (Wilhelm et 
al., 1997; Goss et al., 1998). This difference has 
been attributed to an altered pH-dependence of the 
VxDE in this organism (Frommolt et al., 2001). 
Formation of qN in vivo in Mantoniella was found to 
be accompanied by similar changes in fluorescence 
yield and lifetime distributions as observed before in 
thylakoids of higher plants upon formation of high 
Zx levels (Goss et al., 1998; Gilmore and Yamamoto, 
2001). It is worth noting that Mantoniella contains 
only a single PS II light-harvesting protein, which 
is not related to the C AB-proteins of higher plants 
and does not contain lutein, but instead several other 
carotenoids (Wilhelm etal., 1997; Goss etal., 1998). 
Both the C AB proteins and lutein are supposed to be 



involved in qE formation in higher plants. 

A possible function of lutein in the qE mechanism 
has been derived from lutein-deficient mutants of 
Chlamydomonas (Niyogi et al., 1 997b ) and Arabidop- 
sis (Pogson et al., 1996). The so-called lorl mutant 
of Chlamydomonas, lacking not only lutein, but also 
loroxanthin, a xanthophyll derived from lutein (Ni- 
yogi et al., 1997b), and the lull and lnt2 mutants of 
Arabidopsis (Pogson et al ., 1 998) exhibited a reduced 
qN. The absence of any rapidly reversible qN in the 
npql/lut2 double mutant (Niyogi et al. , 200 1 ) supports 
the contribution of two different xanthophyll-depen- 
dent components to qE, one related to Zx and the other 
to lutein. Comparing the extent of qN-reduction in 
lutl or lorl with that in the npql mutants, it should 
be noted that in Chlamydomonas the lutein-dependent 
portion is higher than the Zx-dependent one (Niyogi 
et al., 1997b), while in Arabidopsis the opposite was 
observed (Pogson et al., 1998). This behavior could 
reflect a different pH-dependence of lutein- and Zx- 
dependent quenching. However, it should be kept in 
mind that the consequences of the replacement of 
lutein by Vx, Ax or Zx in the lutein-deficient mutant 
(Pogson et al., 1 998) on the structure and thereby on 
the quenching properties of various antenna compo- 
nents of PS II are not clear. We cannot exclude that 
a secondary structural effect caused the reduced qE 
in lutein-deficient mutants (Niyogi, 2000; Niyogi et 
al., 2001) 

In conclusion, the qE-type of energy dissipation 
may be mediated by different xanthophylls. While 
in vascular plants Zx (+Ax) and probably lutein 
are required to generate the maximal qN, these 
functions seem to be largely replaced by Ax (and 
possibly additional other xanthophylls) in the primi- 
tive marine alga Mantoniella. The operation of the 
light-regulated lutein epoxide cycle, the interconver- 
sion of lutein-5, 6-epoxide (dark) and lutein (light), 
in several angiosperm species (Rabinowitch, 1975; 
Bungardetal., 1999; Matsubaraetal., 2001) and the 
diadinoxanthin cycle in different eukaryotic algae 
(Stransky and Hager, 1970) further indicate that 
xanthophyll-dependent energy-dissipation has been 
realized during evolution in various ways. 

c. Role of Antenna Proteins 

There is overwhelming experimental evidence that qE 
is related to events occurring in the antenna system 
of PS II. Most, if not all of the bound xanthophylls 
in the thylakoid membrane are known to be located 
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in the CAB proteins of both photosystems (reviewed 
e.g. by Bassi and Caffarri, 2000). Numerous studies 
favor the minor antenna proteins CP24, CP26 and 
CP29 as the most likely candidates for the site of 
qE in higher plants. These three proteins bind most 
of the xanthophyll cycle pigments within PS II (Sec- 
tion III. B ). In vivo, xanthophyll conversion occurs 
in various antenna subcomplexes with different 
kinetics and to a different extent, which has been 
related to distinct functions of single subcomplexes 
in different components of qN (Farber et al., 1997; 
Verhoeven et al., 1999). In particular, the dynamics 
of Zx bound to CP26/CP24 (but also to the major 
LHC II complexes) were found to correlate with the 
dynamics of qE (Farber et al., 1997). 

Further evidence for a role of the minor PS II 
antenna proteins has been derived from binding stud- 
ies with N,N'-dicyclohexylcarbodiimide (DCCD), 
an inhibitor of qE (Ruban et al., 1992). DCCD is 
supposed to bind to carboxylic residues that act as 
sensors of the lumen pH and probably are the sites 
of pH regulation of qE (Walters et al., 1996). DCCD 
is known to bind to nearly all CAB proteins of both 
photosystems (Jahns and Junge, 1990; Walters et al., 
1994, 1996; Ruban et ah, 1998). Under conditions 
that lead to inhibition of qE, predominant binding of 
DCCD to CP26 and CP29 has been shown (Walters 
et ah, 1994). Possible DCCD-binding sites have been 
identified in CP26 (Walters et ah, 1996) and CP29 
(Pesaresi et ah, 1997). 

The pH- and xanthophyll-dependence of fluores- 
cence quenching in detergent-solubilized PS II 
antenna proteins underlines the suggested func- 
tions of CP26 and CP29 (Ruban et ah, 1994, 1996; 
Ruban and Horton, 1999, Wentworth et ah, 2000). 
Finally, the function of the inner antenna of PS II in 
qE formation is supported by fluorescence life-time 
studies of leaves of chlorina mutants of barley (Hor- 
deum vulgare) which are deficient in Chi b synthesis 
and, thus, in the peripheral LHC II (Gilmore et ah, 
1996). In both the F 0 and F M states, the changes in 
lifetime distributions related to qE did not depend 
on the antenna size. A parallel investigation with 
a chlorina mutant of barley and intermittent light 
grown pea plants confirmed that in the F 0 state, the 
lifetimes and amplitudes of the major fluorescence 
decay components are not influenced by the content 
of peripheral light harvesting antenna complexes, 
LHCIIb (Briantais et ah, 1996). However, LHCIIb 
presumably also participates inqE (Section III.C. 1 .b). 
This major constituent of the PS II antenna binds most 



of the lutein associated with PS II and could thus be 
responsible for the proposed lutein-dependent por- 
tion of qE (Section III.B). An essential function of 
the PsbS protein instead of the dominating role of the 
minor C AB proteins in the qE mechanism has been 
suggested (see Chapter 20, Golan et ah ). 

Mutants of Arabidopsis were characterized that 
possess a normally functioning xanthophyll cycle, 
pigment and antenna composition, but show a strongly 
reduced energy-dependent quenching. The mutants 
npq4 (Li et ah, 2000) and psbs-1.3 ( Grafies et ah, 
2002) were shown to be deficient in the gene encod- 
ing the PsbS protein. The Isr l mutation (Peterson and 
Havir, 2000) was found to map to the same region 
of chromosome 1 as the npq4 mutant and thus is 
supposed to be allelic to npq4. PsbS is an intrinsic 
PS II protein structurally related to the LHC II family, 
but possessing four instead of three trans-membrane 
helices. In the npq4 mutant, ApH-induced allosteric 
changes indicated by apparent absorbance (light 
scattering) changes around 535 nm were found to be 
missing (Li et ah, 2000 ). Obviously, the PsbS protein 
plays a key role in the conformational alterations of 
the LHC II complexes that are essential for formation 
of qE. In studies with Arabidopsis plants expressing 
different levels of PsbS, it was shown that the qE 
capacity depends stoichiometrically on the amount of 
the PsbS protein (Li et ah, 2002a, b). Two conserved, 
lumen-exposed glutamate residues, E122 and E226, 
have been identified by site -directed mutagenesis as 
the most likely candidates which are critical for the 
pH-regulated function of PsbS in these processes 
(Li et ah, 2002c ). The detailed function of the PsbS 
protein is not yet known (Chapter 20, Golan et ah). In 
aLHC II-PS II supercomplex (isolated from spinach), 
for which a 3D structure was resolved by means of 
cryoelectron microscopy and single particle analysis, 
the PsbS protein could not be located (Nield et ah, 
2000 ). The structural model described by the authors 
does not seem to have sufficient space to accommo- 
date the PsbS protein. They suggested that the protein 
is located within an additional pool of outer LHC II 
trimers and might, along with the CP24 complex, 
form a link from the trimers to the reaction center 
core. Horton et ah (2000) demonstrated that in their 
qE model the Zx- and ApH-dependent quenching 
has the characteristics of an enzymic reaction. They 
proposed that the PsbS protein might act as a catalyst 
of the conformational changes involved inqE forma- 
tion. As reported earlier, formation and relaxation of 
qE in intact isolated chloroplasts exhibit an activa- 
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tion energy typical for an enzyme-catalyzed reaction 
(Krause, 1992). However, it cannot be excluded that 
the PsbS protein contains the site of quenching and 
thus acts directly as a quencher. Research by Peterson 
and Havir (2001) implied an additional function of 
PsbS in the control of electron transport from PS II 
to PS I. The molecular basis of this function and its 
relation to qE remains to be clarified. 

An exclusive role of CP26 and/or CP29 in the qE 
mechanism was also challenged in the following 
studies: 

(i) Arabidopsis antisense plants expressing only 
extremely low levels of either CP26 or CP29, showed 
no significant changes in qE as compared to WT 
plants ( Andersson et al . , 200 1 ). None of the antisense 
plants, grown under several different light regimes, 
exhibited an obvious phenotype. This surprising result 
contradicts the assumption that these two proteins are 
the major sites of qE formation. The authors discussed 
that possibly either CP29 or CP26 is sufficient for 
qN formation and that an effect would be seen only 
if both of these complexes were removed. 

(ii) Higher plants and algae lacking major LHC II 
complexes, but containing either CP26 or CP29 (or 
both) exhibited a reduced qE. This was shown for 
c hlorina mutants from barley and intermittent light- 
grown plants (Falk et al., 1994; Jahns and Krause, 
1994; HartelandLokstein, 1995; Chow etal., 2000). 
Interestingly, PsbS has been found to be present in 
intermittent light-grown bean (Chow et al., 2000) 
and pea plants (P. Jahns and C. Funk, unpublished) 
in normal stoichiometries. Similar conclusions can 
be drawn from studies with Arabidopsis antisense 
plants lacking most of the Lhcbl and Lhcb2 proteins 
(Andersson et al., 2003). However, the reduction of 
qE was less pronounced in these Arabidopsis plants 
than was reported for intermittent light-grown plants 
from pea (Jahns and Krause, 1994), bean (Chow et al., 
2000) and barley (Hartel et al., 1996). Moreover, in 
the npq5 mutant of Chlamydomonas reinhardtii, that 
lacks specifically the Ihcbml gene, qN was drastically 
reduced (Elrad et al., 2002). 

The simplest interpretation of all these data is that 
the generation of maximum qE requires a distinct 
organization of the PS II antenna including the major 
LHC II. This organization is supposedly disturbed in 
intermittent light-grown plants and chlorina mutants 
and also in the absence of PsbS, but not by removal 
of either CP29 or CP26. Analysis of the structure of 
PS II in Arabidopsis antisense plants lacking CP26 
brought evidence that this minor antenna protein 



is located near to the core antenna protein, CP43, 
and one of the LHC II trimers (Yakushevska et al., 
2003). Moreover, Arabidopsis antisense plants lack- 
ing nearly all Lhcbl and Lhcb2 proteins retained 
the macro-organization of PS II as determined in 
WT plants (Ruban et al., 2003). Most strikingly, the 
Lhcbl /Lhcb2 antisense plants contained more than 
threefold higher levels of CP26 in comparison with 
WT plants and the LHC II trimers were found to be 
replaced by trimers of CP26 (Ruban et al., 2003). In 
light of these data, it can be assumed that each of the 
C AB proteins in PS II might be capable of forming 
a quenching site related to qE and, in case of certain 
mutations, alternate ways are available to cope with 
excess excitation energy (Govindjee, 2002). 

In leaves of potato ( Solatium tuberosum), another 
protein, C40.4, has been identified that may be re- 
quired for qE (Monte et al., 1999). C40.4 shows a 
strong homology to certain carotenoid-associated 
proteins and has been found to be associated with 
PS II. In antisense plants with reduced expression 
of the C40.4 protein, qE was diminished. 

These selected findings show that the identification 
of the proteins which are responsible for qE remains 
problematic. More precise information can be 
expected from systematic studies of fluorescence 
quenching and antenna organization in ‘knock-out’ 
mutants with deficiencies in single antenna compo- 
nents and from further analysis of respective double 
and triple mutants. 

d. The Quenching Process 

Like the site of energy dissipation, also the exact 
mechanism of de-excitation of excited Chi molecules 
is unknown. Two alternative hypotheses regarding 
the action of Zx in the quenching have been put 
forward: 

(i) The conformational change induced by ApH and 
Zx within the antenna of PS II leads to the interaction 
between Chi molecules, resulting in enhanced thermal 
deactivation of the first excited singlet state, 'Chi’ 
(Horton etal., 1999). This shortens the lifetime ofthe 
excited states and results in fluorescence quenching. 
From model studies using isolated LHC II proteins, 
Horton et al. (2000) concluded that the quenching 
may result from the interaction between two Chi- 
binding domains within the same subunit, rather 
than between Chi molecules of different LHC II 
subunits. Based on further detailed investigations 
of thermodynamic and optical properties of isolated 
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LHCIIb, Wentworth et al. (2003) proposed that the 
quenching is caused by a small alteration of the 
tertiary structure of LHCIIb leading to a change in 
pigment organization within the Lutein 1 domain in 
the structural model of Kuhlbrandt et al. (1994). It 
was suggested that a change in the position of Lutein 
1 allows a perpendicular association between Chi 
al and Chi a2 forming a quenching dimer. Because 
LHC 11 complexes tend to aggregate when Zx binding 
occurs, a role of LHC 11 aggregation in qE forma- 
tion was formerly assumed, but is now viewed as a 
secondary effect (Horton et al, 2000). According to 
Horton ( 1 999), the dense packing of PS II units in the 
grana of thylakoids has to be regarded as a structure 
that prevents uncontrolled energy transfer to PS I, but 
allows efficient light harvesting in low, limiting light 
and controlled non-photochemical energy dissipation 
in excessive light. 

(ii) The binding of Zx together with the conforma- 
tional change allows singlet-singlet energy transfer 
from W to Zx (Frank et al., 1994; Owens, 1994). 
This would form the excited singlet state of Zx which 
decays radiationless to the ground state. Compared 
with Vx, a lower energy level of the excited singlet 
state was ascribed to Zx because of its larger conju- 
gated Ji-electron system (eleven conjugated carbon 
double bonds in Zx, but only nine in Vx). This energy 
level was supposed to be lower than the first excited 
singlet state of Chi a , making the energy transfer theo- 
retically possible. However, a more recent assessment 
indicated that the difference in excited singlet energy 
levels between Chi and Zx is not large enough to allow 
excitation energy transfer from Chi a to Zx with a 
high probability (Polivka et al., 1999). This point of 
view was strongly supported by direct determination 
of the first excited singlet (’S*) energies of Zx and 
Vx using fluorescence spectroscopy of isolated pig- 
ments (Frank et al., 2000). Since it can be assumed 
that these ! S* energy levels are close to those in vivo 
(Frank et al., 2000), it is unlikely that dissipation of 
excitation energy is controlled by energy transfer from 
'Chi* to Zx (Polivka et al., 1999; Frank et al., 2000). 
This lends support to the first hypothesis, which is in 
agreement with the finding that auroxanthin, a xantho- 
phyll with only seven conjugated double bonds, but a 
stereo-structure similar to Zx, stimulated quenching 
as efficiently as Zx in isolated major LHC II (Ruban 
et al., 1998; Horton et al., 1999). However, the data 
of Wentworth et al. (2003, see above) do not exclude 
that the altered Lutein 1 domain facilitates Chl-ca- 
rotenoid energy transfer. 



Further, arguments based solely on energy levels 
are incomplete since orientation and distances be- 
tween donor and acceptor molecules play important 
roles in energy transfer (Chapter 4, Clegg). At present, 
we cannot decide which of the above, and combina- 
tions of, hypotheses come close to reality. 

2. Mechanisms of Photoinhibitory Quenching, 

ql 

There is strong evidence that ql, i.e. the fluorescence 
quenching remaining after the light-induced ApH 
has collapsed in the dark, is not based on a single 
mechanism. Depending on conditions, constitution 
and acclimation state of the plant, the inactivation and 
consecutive degradation of the D 1 protein in the PS II 
reaction center appears to be just one component of 
ql. A probable further component is the quenching 
related to persistent levels of Zx, which in part may 
be caused by a ApH maintained in the dark or low 
light by ATP hydrolysis. At present, it is not clear, 
whether turnover of the D1 protein is also associated 
with xanthophyll cycle activity (Section III.B). The 
putative mechanisms of PS II photoinactivation and 
triggering of D1 degradation have been topics of 
several reviews (Virgin et al., 1992; Barber, 1994, 
1998; Krause, 1994; Anderson et al., 1997; Pospisil, 
1997; Melis, 1999). The processes causing photo- 
inactivation in vivo under natural conditions have 
not been unequivocally clarified. Inactivation of PS II 
centers induced either at the acceptor side or donor 
side has been proposed, and it is still disputed which 
process dominates. 

a. Acceptor Side Inhibition 

In vitro studies with isolated thylakoids and PS II 
particles have shown that under strongly reducing 
conditions, e.g. in the presence of dithionite (van 
Mieghem et al., 1989) or during illumination under 
anaerobic conditions, Q A becomes doubly reduced 
(Qa~) an d protonated forming plastoquinol (Q A H 2 ) 
which may leave the Q A binding site on the D2 protein 
(van Wijket al., 1992; Vassetal., 1992; Virgin etal., 
1992). In intermediate states, which are reversible in 
the dark under anaerobiosis, supposedly the stabilized 
Q A and its protonated form, Q A H, are present : 

e H + e H" 

Qa ^ * Qa Q A stabilized ^ ’ Qa H * Qa H 2 

( 11 ) 
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A conspicuous increase in F 0 is a characteristic 
feature of photoinhibition under anaerobic condi- 
tions observed in isolated thylakoids and PS II 
particles (Satoh, 1971; Krause et al., 1985; Setlik et 
al., 1990; Kirilovsky and Etienne, 1991; Vass et al., 
1992) and has been interpreted as an indication of 
stabilized Q v When, due to one of the states in Eq. 
1 1 (other than oxidized Q A ), no electron transport 
from reduced pheophytin (Phe ) to Q A is possible, 
the primary radical pair recombines, in part forming 
triplet P 680 ( ;, P 680 ‘): 



P,,» (1 Phe 



hv 

l 



+ Phe- 



3 P* S nThe- 



( 12 ) 



The presence of stabilized forms of reduced Q A 
would strongly increase the yield of 3 P 680 * (van Wijk 
etal., 1992; Vass etal., 1992). 3 P 680 * decays thermally 
to the singlet ground state ('P 680 ), but in the presence 
of triplet oxygen ( 3 0 2 ) formation of the highly reac- 
tive singlet oxygen (' 02 *) may occur: 

3 P** +3 0 2 - , P«o+ , O a * (13) 

'0 2 * may destroy the chlorophyll P 680 , initiating a 
conformational change and degradation of the D1 
protein (Barber, 1995). Specific degradation frag- 
ments characteristic for such acceptor-side induced 
photoinactivation have been identified in isolated 
PS 11 reaction center complexes (or thylakoids), 
indicating a primary cleavage of D1 between trans- 
membrane helices IV and V, in the loop exposed to 
the stromal side of the thylakoid membrane. Such 
degradation pattern has also been found in vivo 
(Barber, 1995, 1998). The cleavage is supposed to 
be catalyzed by a protease encoded by the nuclear 
degp2 gene (Haussuhl et al., 2001). 

The concept of double reduction of Q A has been 
disputed on grounds of a study with PS II membrane 
fragments (Napiwotzki et al., 1997). There is no 
evidence for this mechanism to operate in vivo. It 
appears rather unlikely that under normal aerobic 
conditions Q A becomes doubly reduced at sufficiently 
high rates even when highly excessive light causes 
strong ‘electron pressure’ at the acceptor side of PS II. 
Aerobic photoinhibition was often, but not always, 
found to be associated with a (usually moderate) 
increase in F 0 (Section III.B). Probably, this effect 
is not caused by PS II centers possessing stabilized 
forms of reduced Q A , because such centers should 
not accumulate, but become quickly inactivated by 



'0 2 \ Simple model calculations suggest that F 0 may 
increase when the inactivated ‘quenching’ reaction 
centers are less efficient energy traps than the active 
centers (Giersch and Krause, 1991). On the other 
hand the observation that photoinhibition of leaves is 
strongly promoted under strict anaerobiosis followed 
by aerobic conditions (Krause et al., 1985) may be 
explained by formation of a stable form of reduced 
Q a that on admission of atmospheric oxygen results 
in a high probability of '0 2 * formation. 

Double reduction of Q A was also contested by 
Anderson et al. (1998). The authors argued that 
PS II inactivation is a one-photon event, as shown 
by target theory (Sinclair et al., 1996), whereas Q A 
double reduction requires two photons and therefore 
can be excluded as the triggering process. This argu- 
ment was held inconclusive (Oxborough and Baker, 
2000), because the state of singly reduced Q A can be 
considered as the ‘target,’ which would be converted 
to doubly reduced Q A by a single-photon event (cf. 
Eq. 11). 

In the absence of Q A double reduction, 3 P 680 * and 
subsequently '0 2 * may still be formed with a finite 
probability when singly reduced Q A , (Q A ), accum- 
ulates in high light: 

hv 

'P 68(1 PheQ A -k- 'P 680 *PheQ A -P 680 + Phe-Q A 

3 P 680 *PheQ A (14) 

This view is supported by the finding that photoin- 
hibition in vivo is controlled by the redox state of Q A 
indicated by photochemical quenching, qP (Oquist 
et al., 1993; Huner et al., 1996). Only a fraction of 
about 40% of Q a needs to be in the reduced state 
to initiate ql formation (Oquist et al., 1992a). 3 P 680 * 
formation by charge recombination in the state of 
singly reduced Q A (Eq. 14) was suggested to be the 
most likely trigger of PS II inactivation in a model 
study by Oxborough and Baker (2000). Their model 
combines the reversible radical pair equilibrium 
model of primary photochemistry in PS II (Schatz 
et al., 1988; Roelofs et al., 1992) with a model of 
PS II down regulation by the qE mechanism. The 
model does not exclude a role of Q A double reduc- 
tion, as in theory the yield of charge stabilization is 
relatively high in closed reaction centers, although 
no information on the yield of doubly reduced Q A 
is available. 

The role of '0 2 * in photoinhibition is plausible, as 
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D1 protein degradation related to photoinactivation 
of PS II in isolated thylakoids (with fully functional 
water splitting system) requires the presence of 0 2 
(Krause, 1994, and references therein). In vivo, the 
degree of D 1 degradation was found to increase with 
partial pressure of 0 2 during highdight treatment of 
leaves (Leitschetal., 1 994). Photoinhibition (decline 
in F v /F m ) of isolated mesophyll protoplasts was pro- 
moted at high compared to low 0 2 partial pressure 
(van Wijk and Krause, 1991). Presumably, a high 
partial pressure of 0 2 increases the probability of 
interaction between ’P^’ and 3 0 2 (Eq. 13). 

Formation of 1 0 2 ’ has been observed in illuminated 
isolated thylakoid membranes (Hideg et al., 1994) 
and PS II reaction centers (Barber, 1998) by means 
of electron paramagnetic resonance (EPR) using 
spin traps. The P-carotene present in the reaction 
center does not quench the 3 P 680 *> but it may exert 
some degree of protection by converting 1 0 2 ’ to the 
triplet ground state, 

‘0 2 * + ip -Car -+ 3 0 2 + 3 p-Car* (15) 

and by donating an electron to P 680 + in a slow reaction 
(Barber, 1995). 

‘0 2 “ formation under high-light stress has also 
been shown in vivo in leaves of Nicotiana tabacum 
and Vicia faba by means of a spin trap coupled to 
a fluorescent dye (Hideg et al., 1998, 2000). The 
authors infer that the 1 0 2 * is formed in inactive PS II 
centers that still contain the D 1 protein. However, the 
data could alternatively be interpreted as ‘0 2 * being 
the direct cause of inactivation. Direct initiation of 
D1 degradation by active oxygen species including 
‘0 2 * was demonstrated by Miyao (1994) in isolated 
subcomplexes of PS II. 

A different type of acceptor side inactivation of 
PS II that occurs in very low light has been revealed 
by studies of Keren et al. (1995, 1997, 2000). When 
single-turnover flashes are followed by long dark 
intervals (or when light is extremely low), the state 
P 680 PheQ A Qe is long-lived because of delayed delivery 
of a second electron to form the state P 680 PheQ A QJ“ 
with the doubly reduced secondary quinone acceptor 
Q B . Supposedly, a recombination of Q B “ with the water 
oxidation system in the S 2 or S 3 state occurs in part via 
the primary radical pair P 680 + Phe . The latter recom- 
bines and forms 3 P 680 ’ and subsequently 1 0 2 * with high 
probability (cf. equations 12 and 13). It is unknown 
whether this inactivation mechanism plays any role 
in nature. PS II-enriched membrane fragments that 



had been depleted of calcium and manganese were 
shown to be protected from low-light photoinactiva- 
tion (Keren et al., 2000 ) This was attributed to a shift 
in the midpoint potential of Q A (Section III.C.2.b), 
which diminishes the above-mentioned recombina- 
tion. The authors speculated that, likewise, PS II is 
protected during re-assembly, when recovery from 
photoinactivation occurs in low light. 

Superoxide radicals (0 2 “) produced at the ac- 
ceptor side of PS I in the Mehler reaction (Mehler, 
1951 ) may contribute to oxidative damage of PS II. 
0 2 ' dismutates to 0 2 and H 2 0 2 . The latter, together 
with 0 2 “, canformthe OHradical, an extremely reac- 
tive oxidant (Asada, 1994; Krause, 1994). However, 
chloroplasts possess an efficient scavenging system 
for 0 2 ~ and H 2 0 2 (Asada, 1994). As this consumes 
reducing equivalents, the Mehler reaction and coupled 
scavenging processes serve to enhance linear electron 
transport, thereby relieving ‘electron pressure’ at 
PS II and maintaining a high trans-thylakoid proton 
gradient. In fact, the Mehler reaction seems to lessen 
the effect of high-light stress, although with limited 
efficiency only (Wuetak, 1991; Krause, 1994; Polle, 
1996). On the other hand, when the chloroplasts are 
flooded with 0;~ in the presence of the herbicide 
paraquat (methylviologen, MV), which catalyzes 
0 2 ‘ production by PS I, photoinactivation of PS II 
is enhanced. This was observed with leaf sections 
of pumpkin ( Cucurbita maxima ) exposed to high 
light after incubation with MV (Barth and Krause, 

1999) . In illuminated spinach thylakoids, the pres- 
ence of MV promoted photoinactivation of PS II even 
when superoxide and catalase were added to diminish 
oxidative stress (Thiele and Krause, 1994). These 
examples show that 0 2 “ formed at PS I potentially 
leads to photo-oxidative damage, but under normal 
conditions (absence of MV), PS II appears to be well 
protected from 0 2 “ and its toxic products. 

b. Donor Side Inhibition 

PS II becomes highly susceptible to photoinactivation 
when the water oxidation system is impaired and do- 
nation of electrons to P 680 or to the secondary donor, 
tyrosine ‘Z’ of the D1 protein (Tyr z ), is the limiting 
step of electron transport through PS II (Theg et al., 
1986; Thompson and Brudvig, 1988; Blubaugh and 
Cheniae, 1990; Jegerscholdetal., 1990; Keren etal., 

2000) . Accumulation of the strongly oxidizing cation 
radicals P 680 + and Tyr z then leads to destruction of 
Pggo itself or damage to the D 1 protein followed by its 
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degradation (Barber, 1995). Accordingly, this donor 
side-induced inactivation of PS II is independent of 
molecular oxygen (Barber, 1995). There is no ‘0 2 * 
produced, but formation of OH radicals has been ob- 
served both under aerobic and anaerobic conditions, 
when the water oxidation system is defective (Hideg 
etal., 1994; Krieger etal., 1998). Characteristic D1 
fragments were identified that indicated a cleavage 
at the lumenal side of the protein between transmem- 
brane helices I and II (Barber, 1995). 

In vitro, a low pH in the thylakoid lumen induces 
release of Ca 2+ from the water splitting side of PS II 
(Krieger and Weis, 1993). Loss of Ca 2+ (and of Mn) 
causes a shift in the midpoint redox potential of the 
redox pair Q A /Q A by about +150 mV (G. N. Johnson 
et al., 1995; Krieger et al., 1995; Krieger and Ruth- 
erford, 1997), which hinders both electron transfer 
from Q ~ to Q b and recombination of P^/PheC); via 
P^o+Phe - yielding ’P^’ (Keren etal., 2000). When Q A 
is in the high-potential form, supposedly a radiation- 
less recombination leading to the ground state of P 680 
occurs with high probability. This would prevent ‘0 2 * 
formation and result in energy dissipation and related 
fluorescence quenching (G. N. Johnson et al., 1995; 
Krieger and Rutherford, 1997). Such mechanism 
might explain a Zx-independent component of qE that 
originates in the reaction center (section III.B) and 
also a transition from qE to ql due to donor side PS II 
inactivation (van Wijk and van Hasselt, 1993a). 

The physiological role of donor side PS II inac- 
tivation is unclear. A high trans-thylakoid ApH that 
causes Ca 2+ release from the water oxidation system 
could promote donor side photoinactivation due to 
inhibited water oxidation. On the other hand, the up- 
shift of the midpoint redox potential of Q A /Q A is sup- 
posed to exert protection from acceptor-side induced 
inactivation by means of diminished ‘0 2 * formation 
(Krieger and Rutherford, 1997). Indeed^ in isolated 
thylakoids (Thiele et al., 1994) and intact leaf tissue 
(Park etal., 1995;Andersonetal., 1998), presence of 
the ApH even in the absence of Zx diminishes rather 
than promotes photoinhibition of PS II. Since in ex- 
cessive light a high fraction of Q A is in the reduced 
state and the qE mechanism is actively dissipating 
excessive light energy, an accumulation of P^/ ap- 
pears improbable as long as the water splitting system 
is intact . The dependence of PS II photoinactivation 
on the reduction state of Q A and partial pressure of 
0 2 (Section III.C.2.a) speak against a predominant 
donor side inhibition in vivo. 

Anderson etal. (1998) argued in favor of the donor 



side mechanism, suggesting that in closed PS II cen- 
ters (singly reduced Q A ), repeated charge separation 
and recombination leads to an overall increase in the 
concentration ofP^/. This has been contested by Ox- 
borough and Baker (2000 ) whose model calculations 
showed that the integrated lifetime of P 680 + (i.e. product 
of yield and lifetime) is much greater when charge 
separation occurs in open centers (electron transfer 
to Q a ), as compared to charge separation and recom- 
bination in closed centers. The model also predicts 
thatdownregulationofPS II (qE mechanism), which 
is known to protect against photoinactivation, does 
not significantly affect the yield of P 680 + . Oxborough 
and Baker (2000) concluded that P 680 + is unlikely to 
be a trigger of photoinactivation. 

However, matters might be different when in natural 
sunlight UV-B radiation contributes to formation of 
ql. Many studies using artificial UV-B light alone 
or as a supplement to visible light have shown that 
PS II is vulnerable to UV-B radiation. UV-B induced 
degradation of the D1 protein(Greenbergetal., 1989; 
Friso et al., 1994a; Friso et al., 1995) and also of D2 
(Friso et al., 1994b; Spetea et al., 1996; Mattoo et 
al., 1999) has been reported (Chapter 23, Tevini). 
The triggering of damage by UV-B light appears to 
be complex; in isolated thylakoids and intact leaves, 
free radicals are involved, which are formed indepen- 
dently of the presence of molecular oxygen (Hideg 
andVass, 1996). In particular, the donor side of PS II 
was found to be sensitive to UV-B radiation (Renger 
et al., 1989; Hideg et al., 1993; Barbato et al., 1995; 
Friso et al., 1995). In many cases, plant leaves obvi- 
ously are well protected against UV-B light ( D. J. Allen 
et al., 1999; Nogues and Baker, 2000; Krause et al., 
2003a). However, in leaves of shade-grown tropical 
tree seedlings exposed to full sunlight, or in sun leaves 
in certain stages of development, photninhibitory ac- 
tion of natural UV-B light on PS II and, in addition, 
on PS I and C0 2 assimilation has been documented 
(Krause et al., 1999a, 2003b). In such cases, a donor 
side inactivation of PS II might be induced that could 
be aggravated by visible light even at moderate or 
low intensities. This view is in agreement with the 
observation that in shade leaves photoinhibited by 
full solar radiation, subsequent recovery from pho- 
toinhibition in low light was delayed in comparison 
with plants that had been exposed to sunlight under 
UV-B absorbing filters (Krause et al., 1999a). Like- 
wise, solar UV-A light can contribute to ql formation 
(Herrmann etal., 1997; Ghettietal., 1999; Krause et 
al., 1999a). As shown by Turcsanyi andVass (2000), 
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UV-A light inactivates PS II with high efficiency and 
acts in a similar manner as UV-B. 

c. Relationship between ql and the Xantho- 
phyll Cycle 

Relaxation of ql, i.e. recovery from photoinhibition, 
usually proceeds faster in low light (about 20-50 /anol 
photons nr 2 s _1 ) than in the dark ( Skogen et al., 1986; 
Leitschetal., 1994). In numerous studies, recovery in 
low light subsequent to high-light exposure of leaves 
at room or chilling temperatures was found to exhibit 
biphasic kinetics (Hurry and Huner, 1992; Schnett- 
ger et al., 1992; van Wijk and van Hasselt, 1993b; 
Leitsch et al., 1994; Krause et al., 1995; Krause and 
Winter, 1996; Thiele et al., 1996, 1998; Xu et al., 
1999b; Sprtova et al., 2000). This demonstrates that 
ql is not based on a single mechanism. In spinach 
( Spinacia oleracea ) leaves, both phases of recovery 
were stimulated by low light (Leitsch et al., 1994). 
The fast phase (one hour or less) was unrelated to 
D1 protein synthesis and replacement, as this phase 
was not abolished in the presence of streptomycin, 
an inhibitor of plastidic protein synthesis. The slow 
recovery phase (several horns) was inhibited by 
streptomycin and, thus, can be attributed to PS II 
repair by D1 protein turnover (Leitsch et al., 1994; 
Thiele et al., 1996). Similar effects, although slower 
recovery kinetics, were reported by van Wijk and van 
Hasselt (1993b). 

The fast recovery phase was shown to be closely 
correlated with epoxidation of Zx in the xanthophyll 
cycle, both under controlled laboratory conditions 
and under field conditions (Jahns and Miehe, 1996; 
Thiele et al., 1996; 1998). Incubation of leaves with 
dithiothreitol, which inhibits Zx formation in high 
light, abolished the fast, but not the slow recovery 
phase (Thiele et al., 1996). During prolonged periods 
of light stress or under extreme high-light conditions, 
Zx or Ax may be bound to sites ofthe antenna of PS II 
other than those responsible for the qE mechanism. 
Such binding might form a quenching complex that 
remains effective after the trans-thylakoid ApH has re- 
laxed in the dark or low light. The fast recovery phase 
then would represent dissociation of the quenching 
complex that makes Zx accessible to the epoxidase 
(Krause and Jahns, 2003). 

Upon severe light stress, particularly at chilling 
temperatures, epoxidation may be slowed down and 
the persistence of ql is prolonged. In a study of pea 
leaves photoinhibited at chilling temperature, both 



recovery phases exhibited a close correlation with 
the epoxidation of Zx (Jahns and Miehe, 1996). 
Under low-temperature stress, relatively high levels 
of Zx + Ax can be maintained for long periods, e.g. 
ovemightThe extremely slow recovery was correlated 
with epoxidation (Adams et al., 1995; Verhoeven et 
al., 1996; Demmig-Adams et al., 1998). It has been 
proposed that such delayed epoxidation may be related 
to an inhibitionof dephosphorylation ofPS II proteins 
(Ebbert et al., 2001). Part of both the fast and slowly 
relaxing Zx-related ql possibly results from a persis- 
tent ApH maintained in the dark or low light by ATP 
hydrolysis (Gilmore, 1997; Koroleva et al., 1998). 
Such ApH supposedly keeps the VxDE in a partly 
active state and slows down net epoxidation, in par- 
ticular when the epoxidase activity is decreased due 
to high-light stress (Jahns, 1995; Farber and Jahns, 
1998). As an alternative or additional mechanism, 
maintenance of a Zx-dependent energy-dissipating 
state based on sequestered protons within the thyla- 
koid membrane cannot be excluded (N. Mohanty et 
al., 1995; Ruban and Horton, 1995b; Pan and Dilley, 
2000 ). The uncoupler nigericin that is used to elimi- 
nate a persistent ApH (Koroleva et al., 1998; Xu et 
al., 1999b) is also supposed to release sequestered 
H + ions (Pan and Dilley, 2000), so that it is difficult 
to discriminate between these mechanisms. 

Data from a study of rice ( Oryza sativa) leaves 
(Xu et al., 1999b) are largely in agreement with the 
above view, but the authors suggested a rather indirect 
relationship between relaxation of ql and epoxidation 
of Zx. The rice leaves exhibited an approximate cor- 
relation between ql and Zx level during recovery in 
low light. At chilling temperatures, the fast recovery 
phase was enhanced by uncoupling with nigericin. 
Inhibition of plastidic protein synthesis by linco- 
mycin abolished the slow, but not the fast recovery 
phase (except for very harsh conditions blocking 
both phases as well as the Zx epoxidation). Of inter- 
est is the absence of an effect by salicyl aldoxime, 
an epoxidase inhibitor, on the recovery (Xu et al., 
1999b ). This might indicate that dissociation of Zx 
from the putative quenching complex is the limiting 
crucial step of ql relaxation, which in the absence of 
inhibitor is accompanied by epoxidation of the Zx 
released from its binding site. 

The extent of the Zx-related component of total ql 
was shown to depend on the light-acclimation state 
of the leaves (Krause et al., 1995, 1999b). In certain 
well acclimated leaves that are characterized by a 
large pool size and high turnover of xanthophyll cycle 
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pigments among other means of photoprotection, 
the Zx-dependent ql was dominant, and D1 protein 
inactivation obviously made only a minor contribu- 
tion to ql (Thiele et al., 1996, 1997). Thus, in leaves 
acclimated to high light, Zx-dependent ql together 
with an active qE mechanism may exert a substan- 
tial protection against damage of the PS II reaction 
center leading to D1 degradation. A protection of 
the reaction center including the D1 protein was 
demonstrated in the npq2 mutant of Chlamydomonas 
(Jahns et al., 2000), which lacks the Zx epoxidase 
and accordingly has a persistently high level of Zx 
(Niyogi et al., 1997a). 

The Zx-dependent ql cannot be expected to be of 
equal importance amongst different plant species. For 
instance, minimal D 1 turnover under high-light stress 
was detectable in the high-alpine plant Ranunculus 
glacialis, which exhibited a relatively low xanthophyll 
cycle activity (Streb et al., 1997). 

d. Is Photosystem II a ‘Photon Counter’? 

Several studies have shown a reciprocity of incident 
photosynthetically active radiation (PAR) and dura- 
tion of light exposure for the photoinactivation of 
PS II (Jones and Kok, 1966; Nagy et al., 1995; Park 
et al., 1995). This implies that the degree of pho- 
toinactivation, as indicated by Chi fluorescence or 
electron transport (e.g. 0 2 evolution) solely depends 
on the photon dose (the product of PAR and time) 
received. The same number of PS II centers become 
inactivated, irrespectively of whether a given photon 
dose is received during a long time under low PAR or 
ashort time under highPAR. Statistically, inactivation 
of PS II occurs after about 10 s to 10 7 photons have 
been absorbed per reaction center (Andersson et al., 
1997). Thus, PS II appears to have the property of 
a ‘photon counter.’ This view is in agreement with 
a reported linear dependence of the rate constant of 
photoinactivation on PAR (Baroli and Melis, 1996; 
Tyystjarvi and Aro, 1996 ) and is apparently supported 
by the application of target theory (Sinclair et al., 
1996) indicating that only one photon is required 
to inactivate one PS II center. Also the relationship 
between antenna size and photoinactivation of PS II 
is consistent with the ‘photon counter’ hypothesis 
(Park et al., 1997; Baroli and Melis, 1998). 

On the other hand, reciprocity under the whole 
range of physiological light and temperature condi- 
tions contradicts the concept that photoinhibition and 



related ql are caused by light absorbed in excess of 
photon utilization in photosynthetic electron transport 
reactions. In fact, deviations from reciprocity have 
been observed, e.g. in Synechocystis cells at low and 
high PAR doses (Nagy et al., 1 995 ) and in higher plant 
leaves during the induction period of photosynthesis 
(Shen et al., 1 996) or when a large fraction of inactive 
PS II was present (Lee et al., 2001). Photoprotective 
mechanisms are supposed to modify the probability 
of photoinactivation. Thermal energy dissipation by 
the qE mechanism (Section III.B ) and utilization of 
photon energy in photosynthetic electron transport 
related to C0 2 assimilation (Krause etal., 1978; Gong 
etai., 1993; Baroli and Melis, 1998), photorespiration 
(Wuetal., 1991) and Mehler reaction (Krause, 1994; 
Park et al., 1996; Polle, 1996) are known to mitigate 
photoinhibition. Only in the PAR range where the 
efficiency of these processes is independent of PAR, 
or when efficient photoprotection is absent (e.g. in 
vitro ), reciprocity of PAR and duration of illumina- 
tion can be expected. As discussed by Melis (1999), 
overall evidence indicates that PS II is not a ‘photon 
counter’ in vivo. Rather, processes that mitigate pho- 
toinactivation by utilizing or dissipating energy cause 
an increase in the fraction of oxidized Q A present in 
the steady state, as indicated by qP. Conditions that 
constrain photosynthetic energy utilization, e.g. chill- 
ing temperatures, result in an increased fraction of 
Q a and, accordingly, a higher probability of charge 
recombination and associated ‘0 2 * formation (Sec- 
tion III.C.2.a). Several studies support the view that 
the probability of PS II photoinactivation in vivo is 
generally governed by the redox state of Q A (Section 
III.C.2.a). Reciprocity between PAR and time can be 
found in the range where 1-qP (reflecting the fraction 
of Q a ) is linearly related to PAR (Melis, 1999). 



IV. Function of Thermal Energy Dissipation 

While our knowledge of the molecular basis of 
energy -dependent quenching of excess light energy 
has advanced during the last decade, the function 
and the importance of this process remains less clear. 
The qE-related heat dissipation of light energy can 
be assumed to contribute to the protection of the 
photosynthetic apparatus in several ways. Firstly, the 
down-regulation of PS II could be involved in prevent- 
ing an over-acidification of the thylakoid lumen and 
by that a pFI-induced damage of thylakoid membrane 
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proteins. Secondly, it may help to protect PS II from 
photoinactivation by reducing the formation of 3 Clil* 
and thus ‘0 2 * within PS II. Finally, it could generally 
reduce the ‘electron pressure’ on the photosynthetic 
electron transport chain and, as a consequence, the 
overall formation of reactive oxygen species ('0 2 *, 
Oy , H 2 0 2 , OH) within the chloroplast. 

A. Role of qE in Regulation of Lumen 
Acidification 

Down-regulation of electron transport is not only 
required to prevent irreversible pH-induced inactiva- 
tion of thylakoid proteins, but also to limit reduc- 
tion of molecular oxygen in the Mehler reaction 
(Mehler, 1951). It is well-known that in presence of 
a high transmembrane ApH photosynthetic electron 
transport is inhibited. The so-called ‘photosynthetic 
control ’ of electron transport is assumed to be related 
to the pH-regulation of proton release into the thyla- 
koid lumen at either the water oxidizing site of PS II 
or the plastoquinol oxidizing site of the cytochrome 
b 6 f complex. The higher sensitivity of cytochrome 
b 6 f activity to low pH (apparent pK of plastoquinol 
oxidation about pH 6; Hope et al., 1994) in com- 
parison with PS II (apparent pK of water oxidation 
below pH 5; Krieger and Weis, 1993), makes it more 
likely that plastoquinol oxidation is the pH-controlled 
step of electron transport. Any contribution of qE to 
the regulation of lumen acidification must therefore 
occur at a pH above that controlling cytochrome b 6 f 
activity. Investigations of the pH-dependence of qE 
have indicated different pKs under varying conditions 
between 4.7 and 5.7 (Briantais et al., 1979; Krause 
and Weis, 1991; Noctor et al., 1991; Horton et al., 
2000). Hence, it appears that electron transport and 
lumen acidification are predominantly controlled by 
cytochrome b 6 f rather than by qE. The role of pH in 
the ‘photosynthetic control’was challenged in a study 
with Silene dioica in favor of a redox mediated regula- 
tion of electron transport (Ottetal., 1999). However, 
further studies are required to support this view. 

In conclusion, the pH characteristics of qE do not 
favor an important contribution of energy dissipation 
to the regulation of lumen acidification. Consequently, 
the function of qE might rather be related to either the 
protection of PS II against photoinhibitory damage 
and to the reduction of electron supply into the linear 
electron transport chain. 
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B. Role of qE in the Protection of PS II 
against Photoinhibition 

The availability of mutants with specific defects in qE 
provided an important tool for studying the function 
of energy dissipation in protection against photo- 
inhibition of PS II in vivo (section III.C.l). Based 
on the fluorescence parameter F V /F M , controversial 
results have been obtained with respect to high-light 
sensitivity of several mutants that showed reduced 
qE formation. 

Transgenic tobacco plants expressing only 1 5-20% 
of WT levels of the cytochrome 6 6 /Rieske subunit 
(Price et al., 1 995 ) exhibited strongly retarded kinetics 
of qN formation and Vx de-epoxidation, most likely 
due to a lower trans-thylakoid ApH in the mutants 
(Hurry, 1995). Upon 3 h exposure of the plants to 
high light ( 1 000 pmol photons nr 2 s -1 ), no differences 
in PS II inactivation between WT and mutant were 
detectable (Hurry, 1995), indicating that qE may be at 
least partially dispensable for the protection of PS II. 
In contrast, a cytochrome £> 6 /Rieske mutant from 
Ambidopsis, which due to reduced linear electron 
transport rates also shows a lower ApH and a slower 
rate of Zx formation (Munekage et al., 200 1 ), exhib- 
ited a significantly increased sensitivity of PS II to 
short-term illumination (5 h) at a PFD of 2000 pmol 
photons nr 2 s _1 (P. Jahns, T. GraBes and T. Shikanai, 
unpublished). Either the higher light intensity during 
the stress experiment, orthe more pronounced reduc- 
tion of qE in the Ambidopsis mutant may ac count for 
these differences. These data underline the require- 
ment of a low lumen pH for maximal qE in vivo. 
It remains unclear, however, whether the increased 
PS II inactivation in these plants is indeed related to 
the diminished Zx and qE formation or to the lower 
electron transport rate. 

The proposed protective function of qE against 
PS II inactivation was further supported in experi- 
ments with the xanthophyll cycle mutant npql 
(deficient in Zx and qE formation) of Ambidopsis (Ni- 
yogi et al., 1998, Havaux and Niyogi, 1999; P. Jahns 
andT. GraBes, unpublished). In all studies, the F V /F M 
ratio became more strongly reduced in the mutants in 
comparison with WT plants during short-term (up to 
8 h) light stress. However, after prolonged exposure 
of the plants to a PAR of 1 500 pmol photons nr 2 s _1 
for three days (Havaux and Niyogi, 1 999; Havaux et 
al., 2000) or after growth of plants for two weeks at 
a PAR of 1200 pmol photons nr 2 s _1 (P. Jahns andT. 
GraBes, unpublished), the differences between WT 
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and npql plants in PS II inactivation induced by high 
light were much less pronounced, if not completely 
absent. Overall, these experiments indicate, that after 
long-term acclimation or growth in the absence of 
functional qE, plants can compensate for the reduced 
energy dissipation by other protective mechanisms. 

This view is supported by studies with PsbS- 
deficient mutants (Havaux and Niyogi, 1999; Li et 
al., 2000; Havaux et al., 2000; GraBes et al., 2002). 
Similar to the npql genotype, PS II inactivation was 
increased in the PsbS-deficient mutants of Arabidop- 
sis in comparison with WT plants after short-term 
exposure to high light, but the inhibitory effect of 
strong light on PS II was less pronounced than in 
the npql mutant. This difference can be explained 
by the proposed additional role of Zx in protection 
against lipid peroxidation (Havaux and Niyogi, 1 999; 
Havaux et al . , 2000; see below). Like the npql mutant, 
PsbS-deficient plants were also able to acclimate to 
higher light intensities (Havaux and Niyogi, 1999; 
GraBes et al., 2002). 

In a more detailed investigation of the dynamics 
of PS II inhibition (decrease in F V /F M ) in the absence 
of qE, it was shown that the higher light sensitivity 
of PS II in the Arabidopsis psbS-1.3 mutant was 
restricted mainly to the first 1-2 h of illumination 
and not related to a generally increased rate of PS II 
i n a ctivation. Furthermore, the rate of D1 protein 
degradation (in the presence of streptomycin), an 
indicator of light-induced damage of PS II, was not 
increased in the PsbS-deficient mutant (GraBes et al., 
2002). Obviously, in absence of qE (but presence of 
Zx), PS II is down-regulated by another mechanism, 
possibly a Zx-dependent ql. (Section III.C.2.c). 

C. Role of qE in Protection against General 
Photo-oxidative Stress 

The reduction of electron transport by qE-mediated 
down-regulation of PS II might reduce the overall 
formation of reactive oxygen species and by that 
the photo-oxidative stress experienced by a plant. 
Consequently, any importance of qE in this context 
should be reflected by an increased photo-oxidative 
damage in qE-deficient mutants. 

Studying the growth and development of npql and 
psbS mutants under low light (50-100 //mol photons 
nr 2 s -1 ) or moderate light conditions (200-500 //mol 
photons nr 2 s _1 )> no significant differences were de- 
tected between WT and mutants in Chlamydomonas 
(Niyogi etal., 1997) and Arabidopsis (Li et al., 2000; 



Niyogi et al., 2001; GraBes et al., 2002). Likewise, 
VxDE antisense plants of tobacco with a reduction 
of VxDE activity down to 5% of WT plants , showed 
no effect on plant growth (Chang et al., 2000; Sun 
et al., 2001). 

Under high light (800-1 500 //mol photons nr 2 s -1 ), 
pronounced differences in comparison with WT 
were found for the Arabidopsis mutants npql, npq4 
and psbS-1.3. Whereas the psbS-1.3 mutant showed 
only a reduction of growth (to about 65% of WT 
levels) without further alteration of the phenotype 
(GraBes et al., 2002), leaves of npql mutants (lacking 
Zx) exhibited bleached patches and necrotic areas 
(Havaux and Niyogi, 1999). The latter effects were 
related to increased photo-oxidative damage particu- 
larly in the npql mutant. Comparative analysis of 
npq4 (deficient in the PsbS protein) and npql/npq4 
double mutants (additionally lacking Zx) revealed 
that lipid peroxidation was strongly increased only 
in the npql/npq4 double mutant (Havaux and Ni- 
yogi, 1999). This suggests that Zx has a protective 
function against lipid peroxidation, in addition to 
facilitating thermal energy dissipation. The latter 
point was further corroborated in a detailed study 
of photodamage in the npql mutant (Havaux et al., 
2000). A significant increase of lipid peroxidation 
in comparison with WT plants was found in mature 
leaves, whereas young leaves were obviously able to 
compensate for the defective Zx formation by other 
protective mechanisms, in particular by increasing 
the tocopherol content (Havaux et al., 2000). 

Similarly, strong bleaching of older leaves was also 
found when VxDE antisense plants from tobacco were 
grown in the greenhouse under high light ( 1 500 //mol 
photons m -2 s -1 ; Verhoeven et al., 2001). In contrast, 
when the same plants were grown in the field, where 
the plants experienced at least for 4 h per day PAR 
>1500 //mol photons nr 2 s _1 , neither photobleach- 
ing of leaves nor any significant effect on growth 
and photosynthetic performance were detectable 
(Sun et al., 2001). Possibly, under field conditions 
the gradually increasing PAR in the morning allows 
an acclimation to high light that provides sufficient 
protection against photo-oxidative damage in the 
absence of qE. 

In conclusion, the studies with qE-deficient mutants 
support the view that qE plays only a minor role in the 
protection against general photo-oxidative membrane 
damage such as lipid peroxidation. Possibly, the active 
oxygen species responsible for lipid peroxidation are 
generated in different sources than the species (sup- 
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posedly 1 0 2 ’) that is thought to inactivate the PS II 
reaction center. Thus, Zx-related qE may function to 
prevent photooxidative damage to the reaction center 
by means of thermal energy dissipation, whereas Zx 
independently (and in mutants lacking qE) protects 
against general photodamage such as lipid peroxida- 
tion in the thylakoid membranes. The most important 
function of qE is most likely to provide a fast, efficient 
and rapidly reversible down-regulation of PS II, and 
thus to allow a flexible control of energy conversion 
during short-term fluctuations of the incident light 
intensity. In qE -deficient mutants, other mechanisms 
can effectively compensate upon long-term acclima- 
tion for the lack of qE-related energy dissipation. 

D. Thermal Dissipation of Excitation Energy 
Related to ql 

There is general agreement that ql, like qE, also 
represents an enhanced thermal energy dissipation. 
This is evident from fluorescence emission spectra 
at 77 K showing a decrease both in PS II and PS I 
fluorescence (Somersalo and Krause, 1989), as well 
as from fluorescence lifetime analyses (Richter et al., 
1999). Formation of a population of PS II units with 
inactive centers, which under illumination remain in 
the F 0 state (i.e. do not contribute to F v ), has been 
suggested, based on a thermoluminescence study of 
photoinhibited spinach leaves (Briantais et al., 1 992). 
Whereas qE is a fast adaptive response to excessive 
light, ql can be viewed as a secondary, slower adaptive 
reaction of the photosyntheti c apparatus to long-last- 
ing and/or extreme light stress. A transition from qE 
to ql state may occur (Oquist et al., 1992a; van Wijk 
and van Hasselt, 1993a). Although inactivation and 
degradation of the D1 protein must be regarded as 
a destructive process, it may exert a photoprotective 
function by preventing more severe damage. 

Evidence from studies with leaves of vascular 
plants showed that in vivo the degradation of inacti- 
vated D1 protein is coordinated with its resynthesis 
and replacement (Aro et al., 1992; Schnettger et al., 
1992, 1994). Even when strong ql (expressed as a 
decline in ‘dark-adapted’ F V /F M ) occurred, no net 
degradation of D1 was detected. Obviously, energy- 
dissipating reaction centers containing affected D1 
protein accumulate when the ‘PS II repair cycle’ 
(Melis, 1999) cannot keep pace with the rate of 
inactivation. Only when plastidic protein synthesis 
is inhibited in the presence of streptomycin or linco- 
mycin (or by photoinhibition of isolated thylakoids 



in vitro) this coordination is overcome and net D1 
degradation is seen (Aro et al. 1993; Schnettger et 
al., 1994; Jahns et al., 2000). D1 degradation in vitro 
supposedly requires release of Mn from the water 
oxidation system (Krieger et al., 1998). 

A number of publications support the hypothesis 
that photoinactivation of PS II reaction centers essen- 
tially is not based on gradual inhibition of photochem- 
ical activity, but that a population of fully inactive 
centers is formed, acting as quenchers, whereas the 
remaining PS II units continue to function normally 
(Krause et al., 1990; Briantais et al., 1992; van Wijk 
etal., 1993b; Schansker and van Rensen, 1999; Oja 
and Laisk, 2000a, b). There is evidence from studies of 
Chi fluorescence induction both at room temperature 
and 77 K that predominantly PS II a units, residing in 
the thylakoid grana, become inactivated. The PS II p 
units that are localized in the stoma lamellae and 
grana margins and possess a smaller antenna system, 
are less sensitive to light stress (Cleland et al., 1986; 
Maenpaa et al., 1987; Somersalo and Krause, 1989; 
Krause et al., 1990; van Wijk et al., 1993). 

Energy dissipation by the inactive PS II centers is 
supposed to protect the antenna system from photo- 
oxidative destruction. It is a well-known fact that in 
most cases photoinhibitory conditions do not lead to 
gross Chi bleaching. In the ql state, reduced electron 
transport from PS II to PS I may indirectly protect 
PS I against high-light stress due to the accumula- 
tion of an increased fraction of P700 (the primary 
electron donor of PS I) in the oxidized state (Barth 
and Krause, 2001). Moreover, it has been proposed 
that due to comiectivity between PS II units, inactive 
centers may protect neighboring active units (Oquist 
et al., 1992b). The latter hypothesis has been chal- 
lenged by a model study of uncoupled thylakoid 
membranes (Vavilin et al., 1 998). Increasing fractions 
of photoinactivated PS II did not seem to prevent 
or diminish photoinhibition of the remaining active 
units. Possibly, this might be explained by a lowered 
cooperativity between PS II a centers in photoinhib- 
ited thylakoids (van Wijk et al., 1993). On the other 
hand, Lee et al. (2001) demonstrated that in vivo, 
inactive centers acting as quenchers may protect 
neighboring active centers by means of excitation 
energy transfer from active to inactive PS II units. 
However, this protection appeared to become effec- 
tive only after a large fraction (about 70%) of PS II 
centers had been inactivated. Therefore, this effect 
escaped observation in an earlier study (Lee et al., 
1999 ). The authors suggested that during the course 
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of strong photoinhibition, initially weakly quenching 
inactive centers were modified and converted to more 
efficient quenchers (Lee et al., 2001 ). 

Thermal energy dissipation related to Zx-depen- 
dent ql, which is localized in the CAB proteins of 
the PS II antenna (Section III.C.2.C), may d i m in ish 
or prevent inactivation of the D1 protein in the reac- 
tion center. This view is supported by the observation 
of a large component of ql that was associated with 
high levels of Zx in well-acclimated plants, which 
exhibited little D1 damage (Krause etal., 1995;Thiele 
etal„ 1996, 1997). 



V. Conclusions 

Evidently, the mechanisms responsible for both en- 
ergy-dependent quenching, qE, and photoinhibitory 
quenching, ql, function to dissipate light energy 
absorbed in excess by PS II and, thereby, to exert 
photoprotection. The qE mechanism is based on a 
synergistic action of the trans-thylakoid ApH and the 
xanthophyll cycle. The main function of qE seems to 
lie in a reversible fast down-regulation of PS II under 
excessive light that optimizes photosynthetic electron 
transport under varying enviromnental conditions. 
Studies of mutants indicate that the photoprotec- 
tive system of plants is very complex and flexible. 
Deficiencies in qE can obviously be compensated by 
other mechanisms of photoprotection during long- 
term acclimation of the plants. This shows that qE 
does not represent an absolutely essential mechanism, 
but has to viewed within the frame of the whole sys- 
tem of photoprotection. The intense investigations of 
mutants under way will certainly provide a clearer 
picture of the role of qE. 

Many studies show that the qE mechanism acts 
to diminish photoinhibition of PS II as indicated by 
photoinhibitory quenching, ql. However, under strong 
and long-lasting light stress, ql is inevitably formed 
at substantial degrees. Thus, ql can be viewed as a 
further mechanism of energy dissipation, which in 
comparison with qE develops more slowly and needs 
much longer time for ‘recovery.’ There is evidence 
that ql consists of at least two components, one of 
them related to Zx formed in the xanthophyll cycle, 
and a more slowly relaxing one associated with D1 
inactivation (or destruction of P^) in the PS II re- 
action center. The latter photoinactivation probably 
is induced under most circumstances in the state of 
singly reduced Q A by recombination of the primary 



radical pair leading to triplet 3 P 6g0 * and following 
singlet oxygen ( 1 0 2 ’) formation. This ‘photodamage’ 
can as well be viewed as a protective response, as it 
produces an energy-dissipating reaction center. Un- 
der strong light stress, these centers accumulate. As 
the damage is largely confined to a specific site, the 
D1 protein, tins can be fully repaired under optimal 
conditions via the well-studied degradation, resyn- 
thesis and replacement of the protein. In the case 
of photoinactivation of PS II induced by ultraviolet 
light, matters seem to be more complex; damage 
of the water oxidation system and of both the D1 
and D2 proteins appear to be involved. While many 
questions regarding ql still await a clear answer, one 
can conclude that ql, together with qE, contributes 
to the stability of the photosynthetic apparatus under 
adverse conditions. 

Following extensive investigations of the relation- 
ship between xanthophylls and qE, a refined knowl- 
edge of the roles of Zx (and Ax) and the xanthophyll 
cycle has emerged. Obviously, Zx does not act exclu- 
sively in the qE mechanism. In addition to the rela- 
tively fast relaxing ql component mentioned above, 
Zx may also be involved in D1 protein degradation. 
Long-lasting down-regulation of PS II, sometimes 
termed ‘chronic ’photoinhibition (e.g. during ‘winter 
stress’) is associated with high persistent levels of 
Zx. Moreover, a general role in protection against 
photooxidative damage in the thylakoids, such as lipid 
peroxidation, has been attributed to Zx, independent 
of its function in energy dissipation. 
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Summary 

Photosynthetic organisms in natural environments are challenged by exposure to changing light intensities and 
stress conditions. The balance point between efficient light harvesting and potential photodamage is fine and 
dependent upon changing environmental conditions and metabolic demands. Plants appear to have developed 
numerous mechanisms that allow them to fine tune the absorption of light energy, its distribution between the 
photosystems, and the amount safely dissipated as heat. Much of the research into mechanisms controlling the 
use of absorbed excitation energy by photosynthetic organisms depends on the measurement and analysis of 
chlorophyll a (Chi a) fluorescence. The emission of variable Chi a fluorescence is dependent on excited state 
processes and photochemical activities of Photosystem II (PS II) and is thus a potentially powerful probe in 
studies of the regulation of PS II activity. Quenching of fluorescence is associated with down regulation of 
PS II, and the analysis of fluorescence quenching is often used to elucidate details of the mechanisms respon- 
sible. There are however, a number of different techniques for the measurement, quantification and analysis 
of fluorescence emission whose strengths and weaknesses must be considered before they can be effectively 
applied to studies of the down regulation of PS II. In this chapter, we briefly discuss a few popular fluorescence 
measuring techniques and models for the origin of fluorescence from PS II in the context of fluorescence 
quenching analysis. We then look at proposed molecular mechanisms for a number of fluorescence quenching 
processes. We focus on a few relatively short-term reversible quenching mechanisms responsible for energy 
dissipation and/or regulation of the distribution of excitation energy between PS II and PS I. These include high 
energy or ApH quenching (qE) and state transition mechanisms in plants, algae and cyanobacteria. A variety 
of molecular mechanisms for fluorescence quenching associated with qE and state transitions are compared 
and discussed with respect to how fluorescence is measured and analyzed. 



I. Introduction 

Photosynthetic organisms thrive under vastly diverse 
environmental conditions. Many photosynthetic or- 
ganisms exhibit adaptations to specific environmental 
niches that allow them to survive in extreme condi- 
tions. Some algal species live and photosynthesize 
in the gloomy twilight world under the perennial ice 
cover in Antarctic lakes and others are found in hot 



springs exposed to direct sunlight. Light availability 
is a critical consideration. Some high Arctic ice algae 
show light compensation points below 1 qmol pho- 
tons nr 2 s _1 (Cota, 1985) and are adapted to extreme 
shade conditions while many terrestrial plants are 
exposed to direct sunlight, some at temperatures well 
below freezing. Many plants and algae show high 
tolerance to multiple stresses, and do so while continu- 
ing to catalyze the difficult and potentially dangerous 



Abbreviations: Car + - oxidized carotenoid in Photosystem II reaction center; Chi - chlorophyll; Chl z (Dl), Chl z (D2) - peripheral 
reaction center chlorophylls; CP22 minor Photosystem II antenna chlorophyll binding protein, psbS gene product; CP29, CP26, 
CP24 - Photosystem II core antenna chlorophyll binding proteins; CP43, CP47 - Photosystem II reaction center chlorophyll binding 
proteins; Cyt b 559 - Photosystem II reaction center cytochrome; D1 and D2 Photosystem II core proteins; DAS - decay associated 
spectra; DCMU - 3(3 ,4-dichlorophenyl)- 1,1 -dime thylurea ; F M - maximal fluorescence level; F M ' - maximal fluorescence level in 
presence of nonphotochemical quenching; F 0 - minimal fluorescence level; F p - peak fluorescence level; FRR fast repetition rate; 
F SAr - single turnover saturating flash fluorescence level; F SAr ' - single turnover fluorescence level in the presence of nonphotochemical 
quenching; F T _ steady state fluorescence level; k A - rate constant for nonradiative energy loss in reversible radical pair model; k D - sum 
of rate constants for loss of radical pair in reversible radical pair model; k DA - rate constant for energy transfer from allophycocyanin 
D to Photosystem I; k H - rate constant for recombination to ground state in reversible radical pair model; rate constant for energy 
transfer from CP47 in Photo system II to Photo system I; k p rate constant for photochemistry from bipartite model; k pc intrinsic 
rate constant for photochemistry from reversible radical pair model; k pc - - rate constant for recombination from reversible radical pair 
model; k ST - rate constant for charge stabilization in reversible radical pair model; k T - rate constant for triplet formation in revers- 
ible radical pair model; LHC - peripheral light harvesting chlorophyll a/b-protein complexes; LHC II - peripheral light harvesting 
chlorophyll a/b- protein complexes of Photosystem II, the Ihcbl and lhcb2 gene products ; NPQ - nonphotochemical quenching of 
chlorophyll fluorescence; P680 - primary electron donor of Photosystem II; PAM pulse amplitude modulated; PBS - phycobilisome; 
Pheo - pheophytin; PQ - plastoquinone; PQ-9 - endogenous plastoquinone 9; PS photosystem; PsbS - product of psbS gene, also 
known as CP22; Q A - primary quinone electron acceptor of Photo system II; Q B — secondary quinone electron acceptor of Photo system 
II; qg - high energy quenching; - photoinhibitory quenching; q^^ - nonphotochemical quenching; qp - photochemical quenching; 
q T - state transition quenching; RRP - reversible radical pair 
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conversion of light energy into stable chemical energy. 
Environmental light quality and quantity are highly 
variable parameters and photosynthetic organisms 
have developed numerous techniques to deal with 
the changing availability of light. Many organisms 
exhibit growth and developmental strategies that al- 
low them to adjust their capacity for light absorption 
to suit specific environments and to track long-term 
environmental changes. In addition, most species 
are also able to respond to the relatively fast changes 
in light quality and quantity that are characteristic 
of almost all natural environments. Photosynthetic 
organisms must strike a balance between the require- 
ment for efficient light harvesting under limiting 
light conditions and the danger of accumulating light 
induced damage when light absorption exceeds the 
capacity for photosynthetic electron transport. The 
requirement for dealing successfully with changing 
light intensity becomes more critical when other 
environmental stresses are applied. Under these 
conditions, the concept of ‘excess light’ is not only 
a function of light intensity but is coupled to a fine 
balance between light availability and any decrease 
in photochemical capacity induced by the added envi- 
ronmental stress condition. Photosynthetic organisms 
appear to have developed a number of ways to deal 
with this ‘ excitation pressure’(Huneretal., 1998)and 
safely dissipate excess absorbed light energy. 

Photosystem II (PS II) is the primary site of pho- 
todamage under conditions where the absorption 
of light exceeds the capacity of photochemistry. It 
catalyzes two multi-step electron transfer reactions, 
the four- step oxidation of water and the two step 
reduction of plastoquinone (PQ). (See Ke (200 1) and 
Blankenship (2002) for background on mechanisms 
of photosynthesis.) These reactions require the ac- 
cumulation of oxidizing and reducing equivalents, 
respectively, and make PS II especially prone to 
photodamage. Photo-induced damage is mediated 
by the production of triplet excited state pigments, 
radicals and active oxygen species that can ultimately 
cause the oxidation of amino acid residues, pigments 
and lipids. Both the acceptor and donor sides of PS II 
are sites for photoinhibition. Specific acceptor side 
photodamage triggers cleavage of the D 1 polypeptide 
of PS II which initiates a repair cycle involving D1 
turnover (Zhang et al., 2000); see Aro et al. (1993) 
and Andersson and Barber (1996) for reviews. This 
sensitivity to photoinhibition is believed to be the 
reason for the presence of a number of potentially 
photoprotective mechanisms that increase the dissipa- 



tion of absorbed excitation energy in PS II. 

Research into the molecular mechanisms of en- 
ergy dissipation in photosynthesis has been greatly 
facilitated by the measurement of Chi a fluorescence 
and more specifically by the study of its quenching. 
The phenomenon of variable Chi a fluorescence 
has sparked the imagination of countless research- 
ers working with photosynthetic organisms. The 
complex variations in fluorescence intensity that 
arise from most plants upon illumination after dark 
adaptation are captivating and rich with information; 
see Govindjee (1995) for a historical overview. The 
ease of acquiring data and the non-destructive nature 
of fluorescence measurement has made variable 
Chi fluorescence an extremely popular technique to 
study photosynthesis, and in particular, PS II. The 
very richness of this resource is, however, also one 
of its largest drawbacks. It is still much easier to ac- 
cumulate fluorescence data than to interpret them in 
an unequivocal way. Many different techniques have 
been developed and much progress made in attempts 
to simplify the interpretation of variable fluorescence 
emission and allow for the extraction of meaningful 
information. 

Quenching of variable Chi fluorescence is often 
associated with exposure of plants to changing 
light quality, excess light stress or to other forms of 
environmental stress. Non-photochemical quench- 
ing (q N ) of fluorescence has been interpreted to 
result from a number of different processes. Slowly 
reversible quenching (hours) has been attributed to 
photoinhibition and the repair cycle of PS II (q,). 
Rapidly reversible quenching (minutes) has often 
been suggested to reflect the operation of mecha- 
nisms designed to decrease the amount of excitation 
energy reaching PS II and thus offer photoprotection 
to plants under conditions where photochemistry is 
unable to safely dissipate absorbed excitation energy 
(Owens, 1996; Kramer and Crofts, 1996; Horton et 
al., 1996). The most highly studied form of rapidly 
reversible q N is ‘high energy’ or ApH quenching (q E ) 
which is coupled to the xanthophyll cycle. A number 
of molecular mechanisms have been proposed for 
the basis of q E quenching and the exact molecular 
mechanism remains elusive. State transitions (q T see 
Chapter 1 7, Allen and Mullineaux, this volume) also 
dissipate excitation energy from PS II, but instead 
of losing it as heat, deliver this energy to PS I. The 
mechanism of state transitions is understood well in 
green plants and green algae, but is less certain in 
the cyanobacteria and red algae. There are numer- 
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ous other factors that quench Chi a fluorescence and 
dissipate excitation energy from PS II ranging from 
oxidized PQ to molecular oxygen. Some of these 
factors may be important in the dissipation of excess 
absorbed energy. 

We begin this chapter with a brief description of a 
few techniques used to measure Chi a fluorescence 
and quantify fluorescence quenching. We also in- 
troduce kinetic models for excited state dynamics 
in PS II that are required to understand the origins 
of fluorescence in PS II and hence to any proposed 
molecular mechanism for fluorescence quenching. 
A description of a number of potential energy dis- 
sipating mechanisms in PS II follows. The list of 
possible quenching mechanisms we include is far 
from exhaustive and focuses mostly on short-term 
reversible mechanisms. There is a vast literature 
on longer-term adaptations to ‘excess’ light or high 
excitation pressure, which we have not discussed. 
This includes the expression of high light inducible 
and early light inducible proteins ( HLIPS and ELIPS) 
(Montane and Kloppstech, 2000; Adamska, 2001); 
changes in photosystem antenna size and/or photo- 
system stoichiometry (Huner et al., 1998); longer 
term changes in the relative amount and types of 
carotenoid present; and changes in the contribution 
of interesting potential energy dissipatory pathways, 
like pseudocyclic electron transport (Heber, 2002; 
Allen, 2003). We do look at state transitions and high 
energy quenching in some detail, especially as they 
relate to fluorescence quenching. We also focus on 
the role of quinones in fluorescence quenching and 
take a look at the somewhat enigmatic high energy 
quenching mechanism of red algae. 



II. Origins, Measurements and Interpreta- 
tions of Variable Chlorophyll Fluorescence 

We begin with a comparison of methodologies of 
fluorescence measurement and models for the origin 
of Chi a fluorescence emission. These topics are dis- 
cussed briefly in the context of fluorescence quench- 
ing and are included to help clarify the strengths and 
limitations of different experimental techniques and 
theoretical interpretations. The basic assumptions, 
which accompany various fluorescence measurement 
techniques and the models used to interpret them, 
have a large impact on the generation of proposed 
mechanisms for fluorescence quenching. As the so- 



phistication of fluorescence measuring devices and 
models for the origins of Chi a fluorescence increase 
it becomes easier to distinguish between proposed 
mechanisms of energy dissipation. 

A. Techniques to Measure Fluorescence 

1. The Kautsky Curve: Fluorescence Induc- 
tion and Quenching 

The earliest measurements of fluorescence used 
one light source to both drive photosynthesis and 
induce fluorescence. Samples were typically dark 
adapted for some set time interval and then exposed 
to a particular intensity of light for a defined time 
period over which Chi fluorescence from the sample 
was measured. The fluorescence induction transients 
(Kautsky curves) which resulted were very repro- 
ducible but also highly dependent on many factors 
including plant species, light intensity, physiological 
status, developmental stage, and pretreatment, just 
to name a few. In spite of this, Kautsky curves can 
be used as a ‘barcode’ for plant species (Tyystjarvi 
et al., 1999b). The basic pattern of the fluorescence 
induction curve is an essentially instantaneous rise 
to the origin or ‘O’ level (Fo), which is followed by 
slower rise to a peak fluorescence level (F p ), and then 
a quenching of fluorescence, marked with a number 
of further oscillations, over a period of many seconds, 
and even minutes, until a final steady state level 
(F t ) is reached (Papageorgiou, 1975). The observed 
fluorescence quenching in a typical fluorescence 
induction experiment is a complex mixture of pho- 
tochemical quenching (q p ) and non-photochemical 
quenching (q N ). Fluorescence induction experiments 
can be simplified by blocking the Q B site of PS II with 
3(3 ,4-dichlorophenyl)- 1 , 1 -dimethylurea (DCMU). 
This approach allows determination of the maximum 
fluorescence level (F M ) in the absence of photochemi- 
cal quenching. In more recent years, fluorescence 
induction fluorometers with faster time responses 
have been used very effectively to study fast fluo- 
rescence transients generated by bright actinic light 
(Strasseretal., 1995; and StrasseretaL.this volume). 
Understanding the complex fluorescence induction 
curve remains a truly challenging task. For reviews 
and discussions of fluorescence induction and the 
mathematical modeling of induction, see Stirbet et 
al. (1998 ) and Lazar (1999). 
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2. Pulse Amplitude Modulated (PAM) Fluo- 
rometry: Separation of Photochemical and 
Non-photochemical Quenching 

The advent of the pulse amplitude modulated (PAM ) 
technique (Schreiberetal., 1986) for measuring Chi a 
fluorescence has had a major impact on the use of 
variable fluorescence in photosynthesis and plant 
physiology research. The development of a number 
of commercial machines based on this technology 
has vastly increased both the number of researchers 
using Chi a fluorescence, and the number of research 
contributions based on it. 

The beauty of the PAM technique is the separation 
of the measurement of fluorescence from the activa- 
tion of photosynthesis. The pulsed measuring beam 
used to quantify fluorescence yield can be adjusted 
to an intensity low enough so that no significant 
level of steady state photosynthesis is achieved in the 
sample. Any fluorescence arising from the addition 
of one or more non-modulated light sources used 
in an experiment to activate photosynthesis in the 
sample will not be detected by the pulse amplitude 
fluorescence detection system, which is only sensitive 
to fluorescence arising from absorption of the pulsed 
measuring light. For further details, see Chapters 1 1 , 
Schreiber and 18, Krause and Jahns. 

The fluorescence detected in the presence of only 
the weak measuring beam of a PAM instrument is 
the so-called F 0 level or minimal level of fluores- 
cence (Fig. 1A). Upon absorption of a photon, any 
individual reaction center in the sample will either 
emit heat, a photon (fluorescence) or reduce the first 
stable quinone electron acceptor, Q A . At F 0 , the sample 
contains the maximum possible number of reaction 
centers capable of producing Q~. If the measuring 
beam finds a significant proportion of reaction centers 
which have already undergone photochemistry and 
still contain Q~, due to the prior or simultaneous ad- 
dition of an actinic light, the fluorescence yield will 
be at a level above F 0 (Fig. 1A). If an added actinic 
light is intense enough to saturate photochemistry in 
all PS II present in the sample, the maximal number 
of reaction centers containing Q~ will be present, 
the probability of the measuring beam inducing 
photochemistry is at a minimum and the fluores- 
cence level will be at the maximal value of F M . A 
significant improvement offered by PAM technol- 
ogy over earlier fluorescence measuring techniques 
is that a brief saturating flash of light (hundreds of 
milliseconds in duration) allows for the quick assay 



of F m at any time (without adding DCMU) during a 
measurement of steady state fluorescence (Fig. 1 A). 
As photochemistry is saturated during the measure- 
ment of F m , any quenching of this level (to a lower F M ' 
level) is assumed to arise non-photochemically. This 
technique has thus made it easy to separate q p from 
q N . The most commonly accepted formulations for 
q N and q p are those described in Genty et al. (1989), 
and their use has made a powerful contribution to the 
study and characterization of fluorescence quench- 
ing. It must, however, be remembered that q N and q p 
cannot be used to extract information about primary 
processes in PS II, or the molecular origins of fluo- 
rescence quenching, without detailed knowledge of 
all factors contributing to the measured steady state 
variable fluorescence parameters used to calculate 
them. Many of these factors can be investigated with 
more powerful time-resolved fluorescence techniques 
and the origins of quenching examined with kinetic 
models for PS II excited state dynamics. 

F m is most often determined with PAM technology 
by illuminating the sample with a saturating actinic 
flash of long enough duration to induce multiple turn- 
overs of PS II. Experimentally, the F M level is found 
to increase as more centers undergo multiple photo- 
chemical cycles and maximal levels are not achieved 
below flash durations of hundreds of milliseconds. It 
is clear that simply ‘closing’ the reaction centers by 
generating the C) A state is not sufficient to achieve F M , 
and that further electron transport is required. The ori- 
gin of the difference between the single turnover and 
multiple turnover flash induced fluorescence yields is 
primarily associated with reduction of the PQ pool. 
(However, see Chapter 6, Vredenberg.) Fluorescence 
measuring techniques using single turnover flashes 
have been invaluable in studying the two ‘maximal’ 
fluorescence levels and will be discussed in more 
detail later in this chapter. 

3. Pump Probe Fast Repetition Rate 
Fluorometry 

Alternative techniques for measuring variable fluo- 
rescence include pump probe (Falkowski et al., 1 986; 
Mauzerall and Greenbaum, 1989; Kramer et al., 
1990) and fast repetition rate fluorometers (Kolber 
et al., 1998). These techniques have been designed 
to measure the yield of fluorescence from samples 
where the reaction centers have been ‘closed’ by 
single turnover saturating flashes of light. The pump 
probe technique uses a variable intensity pump flash 
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Fig. 1. A comparison of variable Chi fluorescence in isolated thylakoids measured with a Pulse Amplitude Modulation (PAM) fluorometer 
(panel A) and a pump probe fluorometer (panel B ). Traces in each panel were normalized to the F M level attained in each experiment. See 
text for additional details. Pane! A. The trace starts at the Fo level, which was induced by the measuring beam of the PAM fluorometer. 
The upward and downward arrows show when an additional actinic illumination, used to induce q t , was turned on and off, respectively. 
The reaction centers were closed periodically with multiturnover saturating light flashes (600 ms duration) that induced the spikes on 
the trace used to measure F v , (first spike and last three spikes) and F M ' (intermediate spikes). Panel B. The relative fluorescence yield 
induced by the weak probe pulse (10 \is duration) of a pump probe fluorometer is plotted as a function of the relative intensity of the 
single turnover pump flash (250 ns duration) preceding it. Time between flashes was 60 ps, see text and Bruce et al. (1997) for further 
details. The resulting flash saturation curve rises from the F 0 level (at low pump flash intensities) to the F SAr level (at saturating pump 
flash intensities). The fluorescence yield rises to the F M level (not shown) if an additional multiturnover saturating flash is given just prior 
to the pump-probe flash pair. Closed circles are for dark adapted thylakoids, open circles for preilluminated thylakoids exhibiting q r . The 
solid and dashed lines through the points are solutions to the Poisson equation ( Mauzerall and Greenbaum, 1 989) used to calculate relative 
absorbance cross-sections. The absorbance cross section of the quenched thylakoids was 80% of that of the dark adapted thylakoids. 



of short enough duration (usually less than 15 ps) 
to drive only single turnovers of PS II and generate 
Q a which is followed (on a microsecond to millisec- 
ond time scale) by a weak probe flash used to assay 
the fluorescence yield. By varying the intensity of 
the pump flash from zero to saturating, the pump 
probe technique can measure F u , F SAr (the maximal 
level of fluorescence achieved with a single turnover 
saturating flash) and the absorbance cross-section of 
PS II (Samson and Bruce, 1995). 

Typical flash saturation curves generated by the 
pump probe technique are shown in Fig. 1 B. Another 
approach used to measure F SAr and absorbance cross- 
sections is the fast repetition rate (FRR) fluorometer, 
which illuminates the sample with a quick stream of 
short (<1 ps) actinic ‘flashlets' all delivered within 
approximately 100 ps. Within this time frame most 
reaction centers have only accomplished one turnover 
(Kolberetal., 1998). By adding a steady state light to 
induce multiple turnovers of PS II, the pump probe 



technique can also measure F M , as can the FRR by 
simply continuing the stream of short actinic flash- 
lets for longer and longer times. The advantages of 
these techniques are easy access to the F SAT level of 
fluorescence and, by analyzing the rise from F 0 to 
F sap the ability to measure the absorbance cross- 
section of PS II. The F SAr level is significantly lower 
than the F M level and reflects an additional level of 
quenching not readily accessible with the standard 
PAM technique. Fig. 1 compares the F V1 and F M ' levels 
measured by the standard PAM technique to F SA1 and 
F SAr ' measured with the pump probe technique. The 
origins of F SAr and F M and the implications of their 
use in the analysis of fluorescence quenching will be 
discussed later in this chapter. 

4. Picosecond Time-resolved Fluorescence 
Decay Kinetics 

The previously described techniques measure steady 
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state fluorescence yield as a function of time in 
the microsecond to minute time scale. Much more 
information concerning the origins of the various 
variable fluorescence parameters is available if 
the picosecond fluorescence decay kinetics can be 
collected at any particular fluorescence yield level 
(i.e., F 0 , F SAr , F m , F SAr ', F M '). Fluorescence decay 
kinetics can be collected by a number of different 
techniques, including time-correlated single photon 
counting, frequency domain modulated fluorometry, 
or streak camera detection (see Lakowicz, 1999, for 
a general background on fluorescence lifetimes and 
their measurement). Each measurement technique 
has advantages for different applications. Although 
fluorescence decay data is more difficult (and more 
expensive!) to collect than yield data, it contains 
much more information (lifetimes as well as yields) 
and imparts a major advantage in the meaningful 
interpretation of fluorescence yield changes. The 
advent of relatively inexpensive picosecond pulsed 
light sources (pulsed laser diodes) has also greatly 
increased the potential availability of the technique 
(Bruce and Miners, 1993). Key to the effective use 
of fluorescence decay data is the simulation of ex- 
perimental results with a suitable descriptive analysis 
or kinetic model for the origin of fluorescence from 
PS II. Kin etic models for the origin of fluorescence 
from PS II are under many more constraints when 
used to fit time-resolved data than when used to fit 
yield data and can thus offer much more insight into 
the many assumptions required in the interpretation of 
steady state fluorescence and fluorescence quenching. 
Strategic use of this technique in conjunction with 
one or more of the steady state techniques described 
above yields the most comprehensive analysis of 
fluorescence and of fluorescence quenching. 

Fluorescence decay data can be collected at any 
fluorescence yield level by the use of circulating liquid 
samples which have a minimal exposure to the train 
of measuring picosecond light pulses (Roelofs et al., 
1992). Dark-adapted samples allow measurement at 
F 0 and suitable preillumination regimes can be used to 
achieve F M or even F SAr (Vasil’ev and Bruce, 1998). 

There are a number of ways to analyze picosecond 
decay data. Modeling the decay kinetics with a sum of 
exponential decay components is one popular method. 
Unfortunately, the assignment of the observed decay 
components to specific kinetic processes in PS II is 
complicated by the excited state dynamics of PS II, 
which involve a number of reversible kinetic process- 
es. The application of an appropriate kinetic model is 



essential to extract individual rate constants for each 
kinetic process from the observed exponential decay 
components. The usual procedure for analysis with a 
kinetic model for PS II is to first separate the decay 
components associated with PS II from those originat- 
ing elsewhere. This process is facilitated by a global 
target analysis of fluorescence decay collected at a 
number of different emission wavelengths (also see 
Chapter 21, Gilmore). The global analysis assumes 
that the lifetimes of the individual decay components 
contributing to the overall fluorescence decay are 
independent of emission wavelength. Experimental 
decay data from all emission wavelengths can then 
be fit simultaneously with one lifetime per decay 
component, and only the amplitudes are allowed to 
vary between emission wavelengths. A plot of these 
amplitudes versus wavelength produces a decay as- 
sociated spectrum (DAS) for each decay component. 
The spectral signature, lifetime and behavior upon 
closing of the PS II reaction center of each DAS can 
be used to assign particular decay components to 
PS II. This technique works well to separate decay 
components originating in PS I from those in PS II 
as the relatively fast and spectrally red shifted decay 
components associated with PS I are readily discem- 
able from most PS II associated decay components 
(Roelofs et al., 1992; and see Fig. 2). DAS can also 
help separate phycobilin decay components from 
PS II associated decay components in cyanobacteria 
(Fig. 2). 

The PS II associated decay components can then be 
fit with an appropriate kinetic model from which the 
rate constants of kinetic processes described by the 
model can be determined. This approach is limited by 
the accurate identification of PS II associated com- 
ponents and choice of an appropriate kinetic model. 
The use of kinetic models is, however, the only way 
to move beyond a simple description of the decay 
kinetics and extract rate constants for excited state 
processes in PS II. Another limitation of the above 
approach is the implicit assumption of homogeneity 
within the population of PS II centers measured in the 
sample and therefore in the components contributing 
to the decay and rate constants for kinetic processes 
in the model. Elomogeneity within any population 
of PS II centers is unlikely. The local environment 
can influence the lifetime of an individual excited 
Chi molecule, and the conformation of Chi binding 
proteins and reaction centers is not static at room 
temperature. Taking into consideration the indi- 
vidual differences found in a population of reaction 
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Fig. 2. Decay associated spectra (DAS) calculated from a global target analysis of picosecond fluorescence decay as described in the 
text and in VasiFev and Bruce (2000). DAS are presented for measurements at F 0 from intact mutant cyanobacterial cells lacking PS 1 
(left) and spinach thylakoids (right). The excitation wavelength was 664 nm for both experiments, which stimulated a significant de- 
gree of fluorescence emission from phycobilin pigments in the cyanobacteria and PS 1 associated pigments in the thylakoids. For the 
cyanobacteria, the 0. 19 ns decay component originates predominantly from phycobilins and the 0.62 ns and 1.65 ns decay components 
show significant contributions from both PS II associated Chi and phycobilins. A spectral deconvolution of the 0.62 ns component is 
also shown which exemplifies the problem of spectral overlap between phycobilin and Chi a emission at Fo in cyanobacteria. The DAS 
from the spinach thylakoids show contributions from both PS II and PS I associated decay components. The 0.62 ns, 0.58 ns and 3. 1 ns 
component are PS II associated and exhibit characteristic 685 nm peak emissions. In contrast, the 0. 1 ns component shows contributions 
from both PS II and PS I, the PS I component is shown by the red-shifted peak at 720 nm. 



centers, it is likely that excited state dynamics of the 
population would best be described by a distribution 
of rate constants. As a first step in considering this, 
Gilmore et al. ( 1 995, 1 996) have described picosec- 
ond fluorescence decay kinetics with a continuous 
distribution of decay components. In this kind of 
analysis the decay kinetics are simulated by a sum of a 
number of major distributions of lifetimes, each with 
a characteristic lifetime center and relative fractional 
amplitude (Gilmore, 1997; Gilmore and Govindjee, 
1999). The major distributions are good descriptors 
of the decay components contributing to fluorescence 
decay kinetics. Analysis of fluorescence quenching 
with this approach generates robust descriptions of 
patterns of changes in lifetime distributions character- 



izing different quenching states of the PS II reaction 
center (Gilmore et al., 1995, 1996). Unfortunately, 
without explicit consideration of the kinetic processes 
occurring within the reaction center the assignment 
of the lifetime distributions to specific photophysical 
or photochemical events is problematic. The next step 
in this type of analysis is the development of kinetic 
models that incorporate the concept of heteroge- 
neity in Chi binding complex and reaction center 
conformations and are based on distributions of rate 
constants. Although computationally intensive, this 
approach has been applied to the kinetic modeling 
ofPS II (Konermannetal., 1997; Barter etal., 2001; 
Vassiliev et al., 2002). 
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8. Kinetic Models for Photo system II (PS II) 

1. Early Models: Diffusion Limited, Irreversible 
Trapping 

Any analysis of fluorescence quenching and/or 
proposed mechanism for energy dissipation must 
assume some kind of model for the origins of fluo- 
rescence from PS II. The earliest and most popular 
approach to modeling variable Chi fluorescence from 
PS II in terms of rates of excited state processes like 
photochemistry, heat loss and fluorescence emission 
were the bipartite and tripartite models of Warren 
Butler and coworkers (Butler et al., 1983). The 
bipartite model describes energy transfer from the 
antenna to the reaction center as a relatively slow 
and reversible process (Fig. 3). Charge separation 
is considered irreversible and described with one 
rate constant, k p in Fig. 3, which is supposed to be 
much faster than energy transfer rates. The bipartite 
model is an example of a diffusion-limited model 
where the term ‘diffusion’ reflects the random walk 
of the exciton through the antenna pigments towards 
the reaction center. The bipartite model was later 
extended to account for heterogeneous PS II (the 
heterogeneous bipartite model; Butler et al., 1983), 
or for heterogeneous antenna system (the tripartite 
model; Berens et al., 1985). Butler and his cowork- 
ers concluded that the heterogeneous bipartite model 
was the most appropriate for description of excitation 
energy transfer in chloroplasts (Butler et al., 1983). 
The basic assumptions made in these early kinetic 
models were relatively slow excitation energy transfer 
from antenna to reaction center pigments followed 
by an irreversible ‘trapping’ of excitation energy by 
a photochemically active chromophore at the heart 
of the reaction center. Variable fluorescence could be 
emulated by changing k p . However, PS II excited state 
dynamics are more complex than described by the 
bipartite model and rate constants in this model are 
composites of a number of excited state processes. For 
example, k p in the bipartite model would include con- 
tributions from the sum of all rates of energy transfer 
from all antenna chromophores to the reaction center, 
the intrinsic rate of charge separation (the formation 
of oxidized primary donor and reduced primary ac- 
ceptor, P6807Pheo“) in the reaction center, the rate 
of recombination of the charge separated state and 
the rate of secondary electron transport (reduction 
of Q a by Pheo - ). Much of the analysis of steady state 
fluorescence emission, and especially fluorescence 



quenching is, however, still based on the assumptions 
made by these early models. 

2. Reversible Radical Pair (RRP): Trap 
Limited Decay, Equilibrium between Excita- 
tion Energy Transfer and Reversible Charge 
Separation. 

A major improvement in the kinetic modeling of 
PS II came with the reversible radical pair model 
(Schatz et al., 1988), a step towards a more detailed 
view of energy transfer and primary electron transfer 
processes in PS II. The unique feature of this model 
was the assumption that the formation of the primary 
radical pair was reversible and was in equilibrium 
with the processes of excitation energy transfer 
among antenna Chi molecules, and between antenna 
Chi and the reaction center Chi (Fig. 3). In contrast 
to the early kinetic models, the RRP model assumed 
very fast excitation energy transfer between antenna 
and reaction center chromophores. The RRP model 
thus described a ‘trap-limited’ decay of the excited 
state inPS II rather than the ‘diffusion-limited’ decay 
of the earlier kinetic models. The RRP model also 
contained a more detailed view of primary electron 
transport that included two stages of electron trans- 
port on the acceptor side of PS II. The first electron 
transfer step was formation of the primary radical 
pair P6 8 CT/Pheo and the second was the reduction of 
the primary quinone acceptor Q A by Pheo - . One rate 
constant was thus required for both excitation energy 
transfer and formation of the primary radical pair 
(k PC in Fig. 3). Another rate constant (k PC r in Fig. 3) 
was required for the reverse reaction (recombination 
of the primary radical pair) and a third rate constant 
(k ST in Fig. 3) for the second electron transport step, 
an irreversible electron transport from reduced Pheo 
to Q a (referred to as charge stabilization). Three rate 
constants associated with ‘photochemistry’ thus 
replaced the one rate constant in the earlier kinetic 
models. 

Nonradiative energy loss pathways from all 
chromophores were incorporated into a single rate 
constant, k A . Additional loss pathways are possible 
from the primary radical pair and include triplet for- 
mation (k T ) and recombination leading to the ground 
state (k H ). Without independent measures for these 
processes, k ST , k T and k H are usually combined into 
one rate constant for irreversible loss of the primary 
radical pair, k D . 

The model was used most effectively in Simula- 




506 



Doug Bruce and Sergej Vasil’ev 



Bipartite 



Reversible Radical Pair 



Hybrid model 



ANTENNA CHL 



RC 



K„ 



Purely diffusion limited 



v 

Q 

Purely trap limited 






Intermediate case 



Fig. 3. Comparison of the bipartite and reversible radical pair (RRP) models for PS II to a hybrid model that shares characteristics of 
each, see the text for additional details. Dashed arrows show rate-limiting steps and solid arrows indicate steps which are not rate- 
limiting. The bipartite model is characterized by diffusion limited energy transfer from antenna to reaction center chromophores and 
irreversible photochemical trapping, ( k P ). The reversible radical pair model is characterized by strong coupling between the antenna and 
reaction center, reversible photochemical charge separation (£ pr and k pc ~ ) and irreversible charge stabilization (k^). The hybrid model 
shares the multiple kinetic components of the reaction center, characteristic of the RRP model, with the diffusion limited characteristics 
of the bipartite model. 



tions of picosecond time-resolved fluorescence decay 
data sets at both F c and F M with attempts made at 
constraining the number of variable rate constants 
(Wendler et al., 1984; Roelofs et al., 1992; Vass et 
al., 1993). Closure of reaction centers invariably 
involves a large decrease in k D (as k ST is zero), a sig- 
nificant decrease in k pc , and an increase in k pc . The 
RRP model has been used to calculate k PO k ST and 
k pc ~ from fluorescence decay data from thylakoids 
and a variety of PS II preparations. The RRP model 
has also been applied very usefully to studies pursu- 
ing the origins of fluorescence quenching (Wagner 
et al., 1996; VasiFev and Bruce, 1998; VasiTev et 
al., 1998; Richter et al., 1999). The real power and 
advantage of this model over previous models was 
the explicit reference to charge separation, charge 
stabilization and recombination. This allows the rela- 
tive involvement of these processes in fluorescence 
quenching to be investigated. One limitation of the 
RRP model is the simplifying assumption that all 
chromophores are in equilibrium with each other 
and with the primary charge separated state. For a 
good review of early models and the RRP model for 
PS II, see Dau (1994). 



3. Detailed Kinetic Simulations: Pair-wise 
Calculations of Energy Transfer between 
Individual Antenna Molecule. 

Without knowing the positions and orientations of 
the chromophores in PS II, there was not much that 
could be done in kinetic model construction that 
could reasonably go beyond the assumptions made by 
the RRP model. Given more structural information, 
attempts could be made to complete more detailed 
kinetic simulations of PS II excited state dynamics 
which calculated pair wise energy transfer rates be- 
tween all chromophores using Forster theory. (See 
Chapter 4, Clegg, for a description of this theory.) 
This approach was attempted before the X-ray struc- 
ture of PS II was solved (VasiTev and Bruce, 2000) 
in a study which placed core antenna chromophores 
randomly within the volumes of the polypeptides 
known to hold them (CP43 and CP47) and assumed 
a reaction center structure very similar to the known 
structure of the bacterial reaction center. This model 
showed a relatively weak coupling of the antenna 
chromophores to the reaction center and thus ques- 
tioned the assumptions of excited state equilibrium 
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made by the RRP model. This work was supported 
by the X-ray structure of PS II, which showed a 
relatively large gap between the antenna Chi, and 
the reaction center chromophores (Zouni et al., 2000; 
see Fig. 4). Subsequently, a detailed kinetic model 
based on the positions of chromophores from the X 
ray structure was generated (VasiTev et al., 2001). 
This model clearly showed that a few bridging Chi 
molecules were critical for energy transfer from 
the core antenna in CP43 and CP47 to the reaction 
center chromophores and the coupling of these Chls 
was weak enough to make this a rate limiting step 
in PS II. The well known ‘slow’ trapping kinetics of 
PS II were therefore not a function of a relatively slow 
intrinsic rate constant for charge separation but were 
contributed to by a significant energetic gap between 
the core antenna and reaction center chromophores. 
One of the most important conclusions from this 
work was that the intrinsic rate constant for charge 
separation was determined to be at least (0.7 ps) 
much higher than previously calculated from fluo- 
rescence decay analysis. This result is in line with 
fast transient absorbance and fluorescence studies 
of isolated Dl-D2-cyt b 559 complexes (Donovan et 



al., 1997; Groot et al., 1997) and was suggested in 
Dekker and van Grondelle (2000). 

The detailed kinetic model has turned out to be 
a kind of hybrid of the early bipartite model (slow 
reversible excitation transfer) and the RRP model 
(reversible charge separation). In order to clarify 
the relationship between the models, a simplified 
version of the detailed kinetic model is compared to 
the bipartite and RRP models in Fig. 3. This simpli- 
fied hybrid model is similar to the diffusion limited 
kinetic model proposed by Jennings et al. (2000). We 
have used the X-ray structure based detailed kinetic 
model to simulate picosecond fluorescence decay 
kinetics collected from very pure histidine-tagged 
PS II core preparations isolated from cyanobacteria 
( Vassiliev et al., 2002). It was not possible to simulate 
the experimental data without assuming some form 
of heterogeneity in the rates of electron transport 
processes in the model. Fluorescence decay data could 
be simulated if the model assumed a heterogeneous 
population of PS II reaction centers with a static dis- 
tribution of radical pair energy levels, or by assuming 
dynamic changes in the radical pair energy level. The 
static distribution required to fit the data was unrea- 




Chl D (D2) 



Fig. 4. Orientation of chromophores from the X-ray structure of PS II as presented in Vasil’ev et al. (2001). The structure shows the 
physical isolation of most of the chromophores in CP47 and CP43 from those within the reaction center. Energy transfer between 
chromophores within each of the three compartments is not rate limiting. In contrast, energy transfer between compartments is rate 
limiting and mostly involves the ‘bridging' chromophores identified by the dashed double headed arrows. The peripheral reaction center 
chromophores Chl z (D1 ) and Chl z (D2) are poorly coupled to either antenna or reaction center chromophores. 
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sonably wide, however, and resulted in a predicted 
quantum yield for PS II that was much too low. The 
dynamic model simulated the data and predicted a 
reasonable quantum yield. The concept of dynamic 
changes in the radical pair energy level is consistent 
with the exciting idea of dynamic changes in protein 
structure following radical pair formation. 

The application of detailed kinetic models to stud- 
ies of fluorescence quenching is exciting. A model 
makes it possible to test the efficiency of potential 
quenchers and quenching sites. For example, we have 
simulated the experimentally observed quenching of 
fluorescence that is correlated with the oxidation of 
the peripheral reaction center Chi molecules, identi- 
fied as Chl z (Dl) and Chl z (D2) in Fig. 4 (Vasil’ev et 
al., 2003). The potential role of Chl z + in fluorescence 
quenching is discussed in more detail later in the 
chapter. 

C. Measuring Fluorescence Parameters: The 
Quantification of Quenching 

The study of energy dissipative mechanisms via mea- 
surements of fluorescence quenching is fraught with 
technical difficulties and simplifying assumptions. 
There are many confounding processes that affect 
the determination of fluorescence yield parameters. 
Independent measurements and clear validation of the 
assumptions made in interpretation are required to get 
the most value from calculated quenching parameters 
and/or kinetic models used to simulate fluorescence 
emission. Accurate determination of the F 0 and F M 
yields is crucial to the process of extracting as much 
meaningful information as possible from fluorescence 
measurements and to allow the quantification of 
fluorescence quenching. The implicit assumption in 
many analyses of steady state fluorescence measure- 
ments is that all of the detected fluorescence originates 
from Chi molecules that are energetically coupled to 
PS II. This assumption is very rarely true. If present, 
PS I makes a significant contribution to fluorescence 
emission, especially at the F 0 level. In cyanobacteria 
and red algae, phycobiliproteins are present which 
contribute to steady state yield determinations. Al- 
though uncoupled Clils are usually not large factors 
in fluorescence emission, they may contribute in some 
species and dominate at some developmental stages. 
Most steady state measurements of fluorescence yield 
have contributions by these additional emitters which 
result in overestimations of fluorescence parameters. 
This overestimation is proportionately larger at F 0 



and is often significant. If phycobilin emission is a 
contributing factor, it can be corrected for if emis- 
sion spectra are collected at F 0 and F M . Detection 
of uncoupled Clils, phycobilins and Clils associated 
with PS I can be accomplished with time-resolved 
fluorescence techniques and the analysis of DAS (see 
Section II.A.4 and Fig. 2). 

Both F 0 and F M yield depend on the oxidation state 
of the water splitting complex, and under appropriate 
conditions (sequences of single turnover flashes), can 
be shown to undergo four step oscillations (Joliot 
andJoliot, 1971; Putrenkoetal., 1999; Delosmeand 
Joliot, 2002). In addition, binary oscillations indica- 
tive of the charge accumulating Q B (so-called two 
electron gate) site in PS II can be detected (Bowes and 
Crofts, 1 980 ). Fluorescence yield has thus been shown 
to be a sensitive indicator of the redox state of both 
the oxidizing and reducing sides of PS II. Although 
steps can be taken to randomize these oxidation steps 
and generate an ‘average’ condition with associated 
‘average ’ F c and F M , these additional quenching effects 
can impact the accurate determination of fluorescence 
quenching by other processes. 

Another consideration in the quantification and 
localization of fluorescence quenching is the assump- 
tion of sample homogeneity. Are all of the reaction 
centers truly ‘open’ for the F 0 determination, and all 
‘closed’ for the F M measure? There is also consider- 
able evidence for heterogeneous populations of PS II 
(Lavergne and Briantais, 1996). This heterogeneity 
takes on many forms: reducing and non-reducing 
centers; PS II a and PS II |> centers; photoinhibited 
centers and those undergoing repair. Different types 
of PS II centers have been characterized in different 
thylakoid membrane regions. With differing kinetics 
and antenna sizes, they will have different relative 
contributions to F 0 and F M . Without independent 
measurements of these parameters or of the relative 
amounts of the centers present , what does an ‘aver- 
age’ F 0 and F M from an intact thylakoid membrane 
or mixture of isolated PS II particles mean? Some 
fluorescence quenching may be associated with 
interconversion between different types of PS II 
center. Without independent measurements of the 
relative numbers of different types of PS II centers, 
it is difficult to assess their impact on fluorescence 
yield and quenching. Clearly the minimal require- 
ment in any study of fluorescence quenching is that 
the relative number of these different types of PS II 
be constant, as shifts in the relative populations can 
have significant effects on fluorescence parameters. 
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III. Fluorescence Quenching, Multiple 
Mechanisms for the Dissipation of Energy 

Many processes can contribute to the non-photo- 
chemical quenching (q N ) of fluorescence and a num- 
ber have been characterized in detail. These include 
state transitions (q T ), high energy or ApH quenching 
(q E ) and the quenching associated with the creation of 
photoinhibited PS II centers (q,). State transitions ap- 
pear to optimize the distribution of excitation energy 
between PS II and PS I to maximize photochemical 
efficiency. State transitions are thus most effective 
under light limiting conditions; however, the shunting 
of excitation energy away from the more photosen- 
sitive PS II and towards the more robust PS I may 
also offer some photoprotection under conditions of 
increasing excitation pressure (see Chapter 26, Papa- 
georgiou and Stamatakis). High energy quenching, 
which is believed to increase heat dissipation from 
PS II under conditions of ‘excess’ illumination is most 
often thought of as a photoprotective mechanism. 
Energy lost by PS II is believed to be safely dissi- 
pated as heat. Some photosynthetic organisms, like 
plants and green algae, appear to be effective at both 
state transitions and high energy quenching. Others, 
like cyanobacteria, have much more predominant 
state transitions and appear to lack significant high 
energy quenching. Red algae, once thought to have 
a state transition mechanism very similar to that in 
cyanobacteria, have been shown to control excita- 
tion energy with a q E type mechanism. All oxygenic 
photosynthetic organisms appear to invoke at least 
one of these two mechanisms to regulate absorbed 
excitation energy. There are also a number of other 
naturally occurring quenchers of fluorescence. As 
described previously in Section II.C, a minor amount 
of fluorescence quenching is associated with particu- 
lar redox states of the donor and acceptor sides of 
PS II. Other endogenous quenchers include oxygen 
and oxidized quinones. 

The observation of one relatively large contribution 
to non-photochemical quenching is dependent on the 
technique used to measure variable fluorescence and 
is very often overlooked in studies of fluorescence 
quenching. This quenching is apparent when PS II 
reaction centers are closed with single reaction center 
turnover flashes, and the relief from this quenching 
is related to the so-called ‘thermal’ phase of fluores- 
cence induction. We begin our discussion of some of 
the mechanisms of non-photochemical quenching of 
fluorescence with a look at the origins of the ‘thermal’ 



phase and the difference in variable fluorescence 
measured with single turnover and multiple turnover 
saturating flashes of light. 

A. The ‘Thermal’ Phase of Fluorescence 
Induction, Quenching by Oxidized Plastoqui- 
none? 

I. Saturating Flashes, Single or Multiple 
Turnover? 

A large change in the fluorescence yield of closed 
reaction centers is associated with how the PS II 
reaction centers are closed. Two distinct levels of 
fluorescence are observed when reaction centers 
are closed by continuous exposure to bright actinic 
light. This is especially apparent if the time scale in a 
fluorescence induction experiment is displayed loga- 
rithmically (Strasser et al., 1 995). The first inflection, 
labeled as ‘ J’(or I[) level is reached on a microsecond 
time scale and is correlated with reaction center 
closure. The subsequent rise of fluorescence, via an 
inflection ‘I ’ (or I 2 ) to the peak or ‘P’level, induced by 
continued exposure to saturating light after reaction 
center closure, has been termed the ‘thermal’ phase 
of fluorescence induction as it was shown to be non- 
existent at temperatures below freezing (Neubauer 
and Schreiber, 1987). 

The increase in fluorescence yield associated with 
the continued illumination of saturated reaction cen- 
ters can also be observed in PAM or pulse probe or 
fast repetition rate (FRR) experiments (see Section 

II. A). In these experiments the fluorescence yield 
attained by illumination of a dark adapted sample 
with a saturating flash or group of flashlets (FRR) 
which induce only single reaction center turnovers is 
much lower than that attained if the reaction centers 
are exposed to saturating light long enough to allow 
multiple turnovers of PS II. The established proto- 
col for PAM fluorometry is to generate the highest 
possible F m state by using saturating flashes of long 
enough duration (hundreds of milliseconds) to ensure 
multiple turnovers of PS II. Access to the fluorescence 
level induced by single turnover saturating flashes 
(F SAr ) is possible with the PAM technique but not 
often done. The pump-probe fluorescence technique 
usually uses pump flashes short enough to elicit only 
single turnovers of PS II and thus normally gener- 
ates F SAr in dark-adapted samples (Fig. 1). However 
it can also measure F M if a multiturnover duration 
flash is delivered to the sample as the pump flash or 
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if a background bright light is applied concurrently 
with the pump probe flash pair. The fast repetition 
rate fluorometer was designed to measure the rise of 
fluorescence to both the F SAr and F M levels. 

What is the origin of the difference between the 
two levels, F SAr and F M ? Although there are likely 
a number of different factors involved, one of the 
major contributors is the redox state of the PQ pool; 
see Samson et al. (1999) for an excellent review. As 
will be discussed in more detail below, oxidized qui- 
nones (including PQ) can quench excitation energy 
in PS II nonphotochemically. Under most conditions 
used to measure F SAr , the PQ pool is predominately 
oxidized. On the other hand, the multiple turnovers 
of PS II required to generate F M will reduce the PQ 
pool and thus release the quenching by oxidized PQ. 
In most measures of F 0 , great care is taken to ensure 
all reaction centers are open by oxidizing intersys- 
tem carriers with a brief exposure to far red light (to 
drive PS I preferentially). In most measures of F M , 
great care is taken to reduce the PQ pool to gain the 
highest possible value for F M . Clearly, F 0 and F M 
differ by more than just reaction center closure, an 
additional degree of nonphotochemical quenching 
by oxidized PQ is in effect at F 0 . In contrast, the 
difference between F 0 and F SAr is much more likely 
due only to reaction center closure as the redox state 
of the PQ pool is not expected to be changed by the 
single turnover flash used to generate F SAr . 

The origin of fluorescence quenching at the F SAr 
level has been investigated with picosecond fluores- 
cence decay measurements at both F SAr and F M levels 
(Vasil’ev and Bruce, 1998). Global decay analysis 
was used to generate DAS and separate PS II and 
PS I associated decay components. The PS II decay 
components were then simulated with the RRP model 
for PS II. The difference between the decay at F SAr 
and F m could be modeled by changing only one rate 
constant in the RRP model, the rate of radiationless 
excitation loss from excited state Ch\(k A ). This is 
consistent with the idea that oxidized PQ quenches 
excitation energy in F SAr . F M determined with multiple 
turnover flashes is the measure that is used for most 
calculations of the quenching parameters q p and q N . 
Again, any use of variable fluorescence parameters 
to assess photosynthetic efficiency and/or quantify 
fluorescence quenching assumes that the only differ- 
ence between F 0 and F M is photochemical quenching 
and this is clearly not the case. The F SAr level must be 
considered to accurately assess q p and q N . 



2. Quenching by Quinones 

Oxidized quinones have long been known to be ef- 
fective quenchers of Chi fluorescence. A number of 
mechanisms of quenching have been observed. Sub- 
stituted 9,10 anthroquinones are good electron accep- 
tors and have been shown to quench fluorescence by 
binding to the Q B site and oxidizing Q A (Karukstis et 
al., 1988, 1990, 1992). In contrast, substituted naptho- 
quinones, especially 5-hydroxy- 1,4 napthoquinone, 
have been shown to be efficient antenna quenchers 
in both PS I (Lee et al., 1992) and PS II (Vasil’ev et 
al., 1998). Oxidized native PQ also quenches fluores- 
cence (Van Gorkometal., 1974;Vemotteetal., 1979) 
and the relief of this quenching by the reduction of 
PQ is a large component of the thermal phase of 
fluorescence induction discussed above (Samson et 
al., 1999). Quenching of fluorescence by PQ-9 has 
been investigated in thylakoid membranes and PS II 
membrane fragments (Kurreck et al., 1995, 2000). 
PQ-9 appears to interact with specific binding sites 
in PS II, most likely close to the long wavelength 
emitting Chi in CP47. 

Fluorescence quenching by oxidized PQ does not, 
however, require the presence of the reaction center, 
as Chlamydomonas mutants devoid of PS II and PS I 
exhibit reversible quenching of fluorescence from 
LHC complexes upon respiration- induced oxidation 
of endogenous PQ (L. Mets, S. Vasil’ev and D. Bruce, 
unpublished). The quenching of excited state energy 
by native oxidized PQ is not likely to play a large role 
in the dissipation of excitation energy under condi- 
tions of excess illumination. PS II is most susceptible 
to photodamage when the rate of photochemistry is 
insufficient to quench excited state energy, a condition 
usually associated with a limitation in downstream 
electron transport and characterized by a reduced PQ 
pool . Photoprotection would rarely be required when 
the PQ pool is oxidized. Interestingly, the quenching 
of excited states by the addition of exogenous qui- 
nones, or other antenna quenchers, has been shown 
to offer no or limited protection from photoinhibition 
(Santabarbaraetal., 1999;Tyystjarvietal., 1999a)nor 
protect the D 1 protein from light induced degradation 
(Santabarbara et al., 2001). 

B. State Transitions 

Early studies of fluorescence quenching explored 
the reversible quenching of fluorescence in red algae 
(Murata, 1969) and green algae (Bonaventura and 
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Myers, 1969 ) induced by changes in the wavelength 
of excitation light used to measure fluorescence. 
The reversible changes in fluorescence yield were 
interpreted to arise from a mechanism that worked 
to equalize the distribution of excitation energy be- 
tween PS II and PS I. The concept that an imbalance 
in the distribution of excitation energy between the 
two photosystems was actively compensated for by 
changes in the organization of the antenna pigments 
was enticing and it marked the birth of the Tight state 
transition’ in photosynthesis. By tending to equalize 
the activities of PS II and PS I, the state transition 
should serve to increase the efficiency of linear elec- 
tron transport under light limiting conditions (also 
see Chapter 17, Allen and Mullineaux). 

1. Higher Plants and Green Algae 

The state transition is best understood in higher plant 
systems and green algae. Early experiments suggested 
that a part of the PS II antenna, a mobile LHC II, 
moved between the two photosystems , increasing the 
size of one at the direct expense of the other. This 
mechanism has been well supported by subsequent 
work and many details of the system are understood. 
See Bemiett (1991) and Allen (1992) for earlier re- 
views. The association of mobile fractions of the Ihcbl 
and lhcb2 gene products with PS II is controlled by 
the phosphorylation of these polypeptides. An Lhcb 
kinase is activated by the reduction of intersystem 
electron transport carriers, specifically by the Cyt b 6 f 
complex (Bennett et al., 1988), and phosphorylates 
mobile LHC II (Lhcbl and Lhcb2) under conditions 
where PS I cannot oxidize intersystem carriers as 
fast as PS II can reduce them. Once phosphorylated, 
the phospho-LHC II has a lower affinity for PS II 
and a higher affinity for PS I. This results in a net 
migration of the phospho-LHC II from the PS II 
rich grana regions to the PS I rich stroma thylakoid 
and/or grana margin regions and a decrease in the 
antenna size of PS II with a concomitant increase 
in the antenna size of PS I. Direct measurements of 
the absorbance cross-sections of PS II and PS I have 
confirmed tins conclusion (Samson and Bruce, 1 995). 
The kinase is inactivated when the Cyt b 6 f complex 
is oxidized and a background phosphatase activity 
dephosphorylates the phosphorylated mobile LHC II 
(in PS I) to reverse the process when excitation energy 
reaching PS I exceeds that reaching PS II. A number 
of kinases have been shown to be involved (Snyders 
and Kohorn, 1999). Further, how the occupancy of 



the Q 0 binding site in the Cyt b 6 f complex affects 
activation of the kinase has been characterized (Fin- 
azzi et al., 2001b). The classical view that the state 
transition exists to optimize the rate of linear electron 
transport by balancing PS II and PS I activities has 
been challenged by Frances Andre Wollman and his 
colleagues, who have proposed that the real change 
in physiology accompanying state transitions in LHC 
containing organisms, or at least in green algae, is 
a switch from oxygenic linear electron transport in 
state 1 to ATP producing cyclic electron transport in 
state 2 (Finazzi et al., 1 999; Wollman, 2001). Recent 
work has also shown, somewhat surprisingly, that 
photoinhibition of PS II was higher in state 2 than 
state 1, although D1 degradation was lower (Finazzi 
et al., 2001a). 

2. Cyanobacteria 

A mechanism for the redistribution of excitation 
energy between PS II and PS I also appears to be 
in action in the phycobilisome (PBS) containing 
cyanobacteria. However, the details are quite dif- 
ferent from those in LHC containing organisms. A 
number of suggestions have been put forward for the 
state transition in cyanobacteria, some of which are 
reviewed in Van Thor et al. (1998) and Mullineaux 
(1999). The mechanism is triggered in cyanobac- 
teria by the redox state of the intersystem electron 
transport carriers as found in green plants and green 
algae. Although there was some early controversy, it 
is clear that the mechanism in cyanobacteria does not 
require phosphorylation. 

Mechanisms involving a differential association of 
the PBS with PS II and PS I (mobile antenna) have 
been proposed as well as mechanisms involving a 
differential association of a PBS-PS II complex with 
PS I (‘spillover’ of excitation from PS II to PS I). 
A ‘mixed’ model combining both spillover and 
mobile antenna has also been proposed (Koblizek 
et al., 1998). Figure 5 compares the mobile antenna 
(redistribution of antenna) and spillover (redistribu- 
tion of energy) models to a hybrid model for the state 
transition in cyanobacteria. Work with a number of 
mutants of different PBS subunits has suggested 
that the PBS can transfer excitation energy to both 
PS II and PS I (Ashby and Mullineaux, 1999a,b). A 
mechanism for the state transition based on changes 
in the relative affinity of the PBS for PS II and PS I 
is clearly a reasonable suggestion, especially in light 
of the high mobility of PBS across the surface of 
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Fig. 5. Comparison of the mobile phycobilisome (PBS) and spillover models for the state transition in cyanobacteria to a hybrid model 
which shows contributions from both. In state 1, the PBS is primarily associated with PS II. Transition to state 2 in the mobile PBS 
model results in an increase in the association of the PBS with PS I at the direct expense of PS II. Transition to state 2 in the spillover 
model results in a coupled increase in the contribution of both PBS and PS II Chi a to PS I, where the PS II Chi a acts as a 'bridge' for 
energy transfer from the PBS to PS I. The hybrid model allows for independent increases in the contribution of PBS and PS II Chi a to 
PS I upon transition to state 2 by invoking both spillover ami mobile PBS mechanisms. 



the thylakoid membrane (Mullineaux et al., 1997). 
However, it is also evident that the distribution of 
excitation energy absorbed by Chi is changed during 
the state transition in cyanobacteria (Salehian and 
Bruce, 1992), which lends support to the spillover 
concept ( Federman et al., 2000). The spillover mecha- 
nism requires the movement of PS II and/or PS 1 in 
the membrane and is thus supported by experiments 
that show state transitions to be inhibited when the 
fluidity of the thylakoid membrane is decreased (El 
Bissati et al.,2000). 

A spillover based mechanism is attractive as 
changes in both PBS and Chi absorbed excitation are 
predicted by a single mechanism in which the Chi 
antenna of PS II acts as a bridge for excitation energy 
from the PBS to PS I. If spillover was the only way 
that energy absorbed by the PBS could reach PS I , the 
relative degree of involvement of the PBS in the state 
transition would be equal to (at best) or less than that 
of the Chi associated with PS 1 1 . However, the changes 
in distribution of energy absorbed by the PBS have 
been shown to be more extensive than those of Chi 
(Salehian and Bruce, 1992). This is consistent with 
a mixed mechanism that includes both mobile PBS 
and spillover components as shown in Fig. 5. 

However, recent work with state transition im- 



paired mutants has shown that the redistribution of 
Chi antenna is independent of the redistribution of 
PBS antenna ( Emlyn- Jones et al., 1999; McConnell 
et al., 2002). As described above the simple spill- 
over model and the mixed model are not consistent 
with this result as both predict that changes in PBS 
absorbed excitation must accompany changes in 
Chi absorbed excitation. We have presented a new 
model for the light state transition in cyanobacteria 
consistent with independent changes in PBS and Chi 
absorbed light which involves a modified spillover 
mechanism and direct energy transfer from the PBS 
to PS I (McConnell et al., 2002). As shown in Fig. 6, 
this model is based on the X-ray structures of PS II, 
allophycocyanin and PS I. The model is dependent 
on a relatively slow energy transfer step between 
the antenna Chi of CP43 and CP47 and the reaction 
center chromophores that effectively divides the core 
antenna of PS II into three separate compartments 
(VasiPev et al., 2001). The compartmentalization 
of PS 11 allows the separation of energy transferred 
from the PBS to PS II from energy lost from PS II 
to PS I via spillover. Changes in the distribution of 
PBS absorbed excitation energy between PS II and 
PS I are represented in this model by changes in the 
association of PS I with the PBS-PS II supercom- 
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Fig. 6. Model for the state transition in cyanobacteria based on a ‘three compartment’ Chi antenna system in PS II. The transition from 
state 1 to state 2 invokes changes in the association of the PBS-PS II supercomplex with PS 1. A. Changes in the distribution of PBS 
absorbed light between the two photosystems are facilitated by changes in the rate of energy transfer from allophycocyanin D in the 
core of the PBS to PS I ( k DA ). Changes in the distribution of Chi absorbed energy between PS II and PS 1 are facilitated by changes 
in ‘spillover’ from only one of the three ‘compartments’ of PS II, CP47, to PS I The PBS transfers energy directly to the RC of 
PS II via allophycocyanin E and thus remains predominantly independent of changes in spillover. B. A top down view of the thylakoid 
membrane showing how the model could be consistent with the observed alignment of PBS and PS II in rows in state 1 (Olive et al., 
1986). This figure has been adapted from McConnell et al. (2002). 

plex that affect the rate of energy transfer from the In state 2, k M is maximal and the absorbance cross- 
core of the PBS directly to PS I. This is shown as a section of PS I increases at the expense of PS II for 

change in the value of the rate constant in Fig. 6. PBS absorbed excitation. 
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The change in association between PS I and the 
PBS-PS II supercomplex also changes the distribu- 
tion of Chi absorbed light in an independent manner 
via a spillover mechanism that involves excitation 
energy transfer from only one component of the PS II 
core Chi antenna (CP47) to PS I. Changes in the rate 
constant for spillover, k IM , in Fig. 6, would affect the 
distribution of excitation energy absorbed by the Chi 
in CP47 between PS II and PS I. Energy reaching the 
PS II reaction center from the PBS has a relatively low 
probability of visiting CP47 pigments and therefore 
a low probability of being ‘lost’ via spillover. The 
distribution of Chi and PBS absorbed excitation are 
much more independent in this model than predicted 
by the classic spillover mechanism that assumed all 
Chi antenna and reaction center chromophores in 
PS II to be in equilibrium. We believe this model 
currently offers the simplest solution to the complex 
changes in distribution of PBS and Chi absorbed light 
characteristic of the state transition in cyanobacteria. 
Changes in the dimerization of PS II and trimerization 
of PS I have been proposed to accompany the state 
transition in cyanobacteria to facilitate changes in 
the affinity of the PBS for PS II and PS I and/or the 
degree of spillover (Bald et al., 1996; Mullineaux, 
1999 ). Although this is a possibility, there is no hard 
evidence to support such changes. 

Does the quenching of excitation energy in PS II 
observed upon transition from state 1 to state 2 serve 
a protective role for PS II under high light conditions? 
It appears not to, cyanobacterial state transition mu- 
tants have not been shown to be more susceptible to 
photodamage although they do have slower growth 
rates than their respective wild types under light 
limiting conditions (Zhao et al., 1992; Emlyn- Jones 
et al., 1999). This is consistent with the idea that the 
state transition serves to optimize photosynthetic 
electron transport under light limiting conditions. 
Another type of fluorescence quenching, induced by 
strong blue light, has been reported in cyanobacteria 
(El Bissati et al., 2000). The quenching described in 
this work was reversible, the recovery not dependent 
on protein synthesis, and it was independent of state 
transitions. More work is required to ascertain the 
molecular mechanism responsible for this high light 
induced quenching in cyanobacteria. 

C. High Energy or ApH Quenching (qj 

High energy quenching (q E ) is easily the most studied 
form of nonphotochemical quenching and the most 



controversial in terms of proposed mechanisms. q E 
is induced by the formation of a ApH across the thy- 
lakoid membrane (also see Chapters 18, Krause and 
Jahns; 20, Golan et al.; and 21, Gilmore). The extent 
of quenching and its characteristic pK value, in plants 
and green algae, is dependent upon the presence of 
the xanthophyll zeaxanthin. The conversion of vio- 
laxanthin to first antheraxanthin and then zeaxanthin 
is triggered by the acidification of the lumen and is 
controlled by the relative activities of violaxanthin 
de-epoxidase and zeaxanthin epoxidase. The conver- 
sion of violaxanthin to zeaxanthin is highly corre- 
lated with q E (Demmig- Adams and Adams, 1990 ). 
Mutants unable to form zeaxanthin in Arabidopsis 
and Chlamydomonas have been shown to be impaired 
in q E formation and be susceptible to photoinhibition 
(see Muller et al. (2001), for a review). 

1. Direct Quenching by Xanthophyll Cycle 
Pigments 

How does zeaxanthin affect q E ? One of the original 
suggestions was direct quenching of excited state 
Chi a by a downhill energy transfer from Chi a to zea- 
xanthin. For this to occur efficiently, the first excited 
singlet state (Sj) of zeaxanthin would have to lie below 
that of singlet excited Chi. For the xanthophyll cycle 
to work effectively via a direct quenching mechanism, 
it must be supposed that the S, state of violaxanthin 
would be considerably higher than that of zeaxanthin 
and thus unable to act as an efficient quencher of 
excited state Chi. As it turns out, the energies of the 
first excited singlet state of zeaxanthin and violax- 
anthin are not trivial to determine. Measurements 
of direct absorption into the S, state are impossible 
for zeaxanthin and violaxanthin, as both states have 
the same symmetry and the transition is not allowed. 
Promoting the molecules to higher levels with allowed 
transitions can populate the S , state but the extremely 
low fluorescence yield of the xanthophylls has made 
it very difficult to accurately determine the S, ener- 
gies of zeaxanthin or violaxanthin. Although some 
early measurements had suggested that the energy of 
the S, state in violaxanthin was significantly higher 
than that of zeaxanthin, improved techniques have 
recently allowed a more accurate determination of 
the S, energy levels of the two xanthophylls and 
shown that they are much closer to each other than 
previously thought (Frank et al . , 2000 ) . The energetic 
difference between them is not sufficient to explain 
the differential quenching by zeaxanthin and vio- 
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laxanthin (Frank et al., 2000). Measurements of Chi 
a fluorescence yields and lifetimes in recombinant 
CP26 reconstituted with either violaxanthin or zea- 
xanthin have confirmed that no large quenching of 
fluorescence in this Chi binding protein is induced 
by the presence of zeaxanthin (Frank et al., 2001). It 
is, however, important to point out that the overlap 
integral of the fluorescence spectrum of the donor 
molecule and the absorption spectrum of the acceptor 
molecule is not the only parameter that dictates rates 
of excitation energy transfer. Other factors include 
the orientation factor, and the distances between 
pigments. It is not known whether changes in these 
factors accompany the conversion of violaxanthin 
to zeaxanth in . 

2. Light Harvesting Complex (LHC II) or Minor 
Chi Binding Proteins? 

The other possibility for the mode of action of zeaxan- 
thin in q E is that of an indirect quencher. Mechanisms, 
which invoke an indirect quenching role, suggest that 
the presence of zeaxanthin affects the conformation 
and/or organization of Chi binding proteins in a way 
that results in an increase in fluorescence quenching. 
Some of the proposed mechanisms which invoke an 
indirect quenching role for zeaxanthin also suggest 
that protonation of lumen exposed acidic residues of 
Chi binding proteins are a key step in this process. 
The location and mechanism of the proposed confor- 
mational changes are controversial. The relative roles 
of different antenna Chi complexes were and are still 
at the center of the controversy (Govindjee, 2002). 

The core of PS II is made up of the D1 and D2 
polypeptides, Cyt b 559 and the two Chi binding poly- 
peptides CP43 and CP47. The core contains about 
37 pigments in total (see Fig. 4). The total number 
of antenna Chi energetically connected to PS II in 
higher plants is usually much larger than this due 
to contributions by the outer antenna Chi binding 
polypeptides. The outer antenna of PS II is made up 
of the major LHC II antenna (which are primarily the 
gene products Lhcbl, Lhcb2) and the minor antenna 
polypeptides CP29 (the gene product Lhcb4), CP26 
(the gene product Lhcb5) and CP24 (the gene prod- 
uct Lhcb6). The PsbS protein, also known as CP22, 
is another minor antenna polypeptide. Most of the 
antenna Chi is found in the many LHC II trimers that 
surround the PS II core. The minor antenna polypep- 
tides are located between the LHC II trimers and the 
reaction center core antenna (CP43 and CP47). Much 



work on q E has focused on both major and minor 
antenna complexes. 

The aggregation of Chi into dimers or larger as- 
semblies results in efficient fluorescence quenching. 
As pointed out by Crofts and Yerkes (1994), Chi in 
solution at a concentration equivalent to its concen- 
tration in the thylakoid membrane exhibits a low 
fluorescence yield due to the transient formation 
of strongly quenching dimers. Such dimers are not 
formed when the Chi is bound to the Chi binding 
protein complexes, where they are kept at a distance 
from each other. However, a conformation change 
of the polypeptides induced by protonation and/or 
binding of zeaxanthin and/or aggregation could lead 
to the reversible formation of quenching centers 
made of Chi/ Chi aggregates or Chl/xanthophyll ag- 
gregates (Phillip et al., 1996). Is there evidence for 
such conformational changes and/or formation of 
aggregated states of Chi and where does it occur, in 
the peripheral LHC II complexes or the other minor 
Chi binding complexes? 

Isolated LHC II was shown to aggregate and ex- 
hibit fluorescence quenching in response to low pH 
(Ruban et al., 1994). In this work, the aggregation 
was inhibited by violaxanthin but not by zeaxanthin 
and a model for q E quenching involving the proton 
induced aggregation of LHC II controlled by the 
xanthophyll cycle was described. In addition, reso- 
nance Raman studies revealed that the structure of 
the LHC II trimer is indeed altered in the aggregated 
state (Ruban et al., 1995a). Strong interactions be- 
tween LHC II trimers were detected in vivo (Bassi 
and Dainese, 1 992), suggesting that the organization 
of LHC II in thylakoid membranes resembles that of 
an oligomeric aggregate. Reversible light-induced 
structural changes were also observed in the organiza- 
tion of LHC II domains in vivo (Garab et al., 1 988). 
When aggregates of LHC II are formed, the fluores- 
cence lifetime decreases drastically and a number 
of long-wavelength emission bands appear at low 
temperatures (Ruban et al., 1995b). However, these 
long-wavelength forms are not directly involved in 
the quenching mechanism (Mullineaux et al., 1993). 
Furthermore, specific spectral and kinetic features 
of LHC II aggregates were found to be related to 
interactions between LHC II subunits and minor 
proteins (Vasil’ev et al., 1997). 

The origin of excitation quenchers in LHC II ag- 
gregates remains unclear. Along with fluorescence 
quenching induced by aggregation itself, LHC II 
aggregates may exhibit a further light-induced l evers- 
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ible decline in fluorescence yield (Jennings et al., 
1991 ). The light-induced generation of quenchers is 
very fast, with the lifetimes on the order of hundreds 
of picoseconds to tens of nanoseconds; thus, it is 
capable to compete efficiently with other excitation 
relaxation pathways (Barzdaetal., 1999). Light-in- 
duced quenching occurs only in LHC II aggregates 
and is virtually undetectable in trimers, indicating 
an amplification of quenching via an increase of the 
quenching domain size. Insight into the origin of 
light-induced quenchers in aggregated LHC II was 
recently achieved by measurement of the relaxation 
kinetics of fluorescence quenching induced by intense 
nanosecond laser pulses. Observation of multicom- 
ponent quenching relaxation kinetics stretching over 
more than seven orders of magnitude in time led to 
the conclusion that several types of quenchers are 
generated by light (Barzda et al., 2000). According 
to the lifetimes of corresponding decay components 
these quenchers were assigned to carotenoid triplets 
(lifetime of the order of 10 ps), Chi triplets (lifetime 
of hundreds of us) and the long-lived quenchers 
(lifetime longer than a few ms). It was proposed 
that the long-lived quenchers originate from Chi 
cations or other radicals that are produced either 
directly from Chi triplets or via Chi triplet sensitized 
singlet oxygen formation. A component of non-pho- 
tochemical quenching in vivo could originate from 
LHC II-specific processes discussed above. The in 
vitro fluorescence lifetime can change from 3-4 ns 
in individual trimers to about 0.5 ns in aggregates. 
The extent of quenching depends on the structure 
and domain size of the aggregate, shorter lifetimes 
originate from larger aggregates (Barzda et al. , 200 1 ). 
Quenchers accumulated under very high light intensi- 
ties, far beyond physiological limits, in aggregated 
LHC II can quench up to 70% of fluorescence from 
an aggregate (Barzda et al., 2000). How much these 
LHC related processes contribute to q N under physi- 
ological conditions in vivo remains uncertain. 

Interestingly, further work has shown that the 
isolated minor Chi binding antenna polypeptides 
CP29 and CP26 exhibit an even greater proton 
induced fluorescence quenching than LHC II. This 
quenching is stimulated by zeaxanthin and inhibited 
by violaxanthin but not associated with aggregation 
of the complexes (Ruban et al., 1996). It was clear 
from this work that fluorescence quenching was not 
limited to LHC II and did not require the aggregation 
of Clil binding complexes. The work with CP26 and 
CP29 supported the original idea (Crofts and Yerkes, 



1994) that protonation of specific glutamate residues 
in the minor polypeptides (residues which were not 
present in LHC II) may lead to a conformation change 
characterized by fluorescence quenching, possibly 
by allowing the formation of Chl/Chl dimers. More 
support came with the finding that CP29 and CP26 
are enriched in xanthophyll pigments as compared to 
LHC II (Bassietal., 1997). Taken together, the above 
evidence indicated a key role for CP29 and/or CP26 
in qE. However, the controversy over the relative 
involvement of LHC II versus CP29 and/or CP26 has 
come full circle with the recent demonstration that 
antisense inhibition of either CP26 or CP29 and CP24 
did not inhibit q E (Andersson et al., 2001 ). Further, 
Elrad et al. (2002) have demonstrated that in npq5 
mutant of Chlamydomonas reinhardtii, that lacks a 
major LHC II, the lhcbml gene product, non-photo- 
chemical quenching is drastically reduced. However, 
whether this is a universal phenomenon remains to 
be tested (Govindjee, 2002). 

3. Chlorophyll Protein Complex CP22, the 
psbS Gene Product 

While the controversy continued over CP29, CP26 
and LHC II, another small Chi binding complex, the 
PsbS polypeptide, which had already achieved noto- 
riety by its atypical (for an LHC type polypeptide) 
four helix structure (Kim et al., 1 994), came to atten- 
tion. The selection and investigation of Arabidopsis 
mutants deficient in q E but with a functioning xan- 
thophyll cycle identified PsbS as an essential factor 
in the formation of q E (Li et al., 2000; Peterson and 
Havir, 2000 ). A putative folding map of PsbS based 
on its homology to other LHC polypeptides predicts 
a number of glutamate residues to be located on or 
near the lumen side of the polypeptide. These residues 
could serve as protonation sites (Li et al., 2000) and 
as PsbS binds both Chi and xanthophyll pigments 
(Funk et al., 1 995 ) this minor antenna polypeptide has 
all the features required to serve a key role in q E . The 
relative expression level of PsbS has been correlated 
with qE and with photoprotection in Arabidopsis (Li 
et al., 2002a). A schematic model for q t quenching 
based on protonation of PsbS and reversible binding 
of zeaxanthin and violaxanthin has been presented in 
Muller et al . (200 1 ) and the presence of protonizable 
residues in PsbS has been shown to be important in 
qE (Li et al., 2002b). However, a molecular model 
which explains the origins of quenching and the exact 
roles of zeaxanthin, low lumen pH, minor and major 
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LHCs, and PsbS itself in the mechanism remains 
elusive and requires further investigation. 

4. Reaction Center Quenching: A Role for 
Chl z ? 

All of the above discussion of q E has focused on 
antenna-based mechanisms of quenching. The reac- 
tion center has also been proposed as the origin of 
q, . An early suggestion was the trapping of excitation 
energy by a specific quenching state of the reaction 
center (Weis and Berry, 1987). Increases in energy 
dissipating recombination reactions have also been 
proposed (Schreiber and Neubauer, 1990; Krieger 
et al., 1992), as well as an energy dissipative cyclic 
electron transport pathway around PS II (Noctor and 
Horton, 1990 ). PS II enriched membranes and thyla- 
koid membranes at low pH show an electron donor 
side inhibition which is correlated with fluorescence 
quenching (Crofts and Horton, 1991; Krieger et al., 
1992). An inhibition on the donor side of PS II has 
been suggested to be a key part of any recombina- 
tion or cyclic electron transport based reaction center 
quenching mechanism (Schreiber and Neubauer, 
1990). Donor side inhibition leads to the oxidation 
of alternative electron donors. Under appropriate 
conditions, Cyt b 559 , a carotenoid and a Chi (Chl z ) 
have all been shown to act as electron donors to the 
oxidized reaction center Chi. 

Proposals for an energy dissipative cyclic electron 
transport pathway around PS II arose from the long 
standing observations that PS II can drive both the 
photooxidation and photoreduction of Cyt b 55g . The 
rates and yields of these reactions are however very 
low and although under certain conditions they could 
impart photoprotection to both the donor and accep- 
tor sides of PS II (Barber and De las Rivas, 1993; 
Poulson et al., 1995), they would have limited ability 
to dissipate excess energy under continuing stress 
conditions. For a review on Cyt b S5g , see Stewart and 
Brudvig (1998). 

Early studies of alternative electron donors to PS II 
revealed that in addition to oxidized Cyt b 55g , the il- 
lumination of PS II at low temperatures led to the ac- 
cumulation of a Chi cation (Thompson and Brudvig, 
1988) which had previously been identified as Chl z 
(de Paula et al., 1985). It was further suggested that 
Chl z was an intermediate electron carrier between 
P680 + and Cyt b 55g (Thompson and Brudvig, 1988) and 
was thus proposed to occupy a key step in the cyclic 
electron transport pathway around PS II involving 



Cyt b 55g . Chl z + was subsequently suggested to act as a 
direct quencher of excitation energy in PS II (Buseret 
al . , 1 992) and strong evidence for significant fluores- 
cence quenching by Chl z + at cryogenic temperatures 
has been presented (Schweitzer and Brudvig, 1 997). 
Chl z was shown by studies with site directed mutants 
to be a peripheral reaction center Chi liganded by the 
HI 18 residue ofthe D1 polypeptide of PS II (Stewart 
et al., 1998). These observations are the basis for a 
proposed mechanism for the photoprotection of PS II 
by the dissipation of excess excitation energy by 
Chl z + at physiological temperatures (Schweitzer and 
Brudvig, 1997; Stewart and Brudvig, 1998). In this 
mechanism, the formation of Chl z + is facilitated by the 
presence of oxidized Cyt b 559 . A ‘molecular switch’ 
between the high potential and low potential form of 
Cyt b 55g is suggested to accompany the illumination 
induced accumulation of a reductant on the reduc- 
ing side of PS II. The low potential Cyt b 55g would 
remain oxidized under these conditions, supporting 
the accumulation of Chl z + and causing the formation 
of a quenching state. Oxidation of the acceptor side 
of PS II is proposed to convert Cyt b 559 to its high 
potential form and allow it to become reduced. The 
reduced Cyt b ssg would inhibit formation of Chl z + 
and thus release quenching. 

There is evidence for the accumulation of ChT at 
physiological temperatures in sample preparations 
where low pH is used to inhibit the donor side of 
PS II. The lifetime and yield of Chi cations (P680 + 
and/or Chl z + ) formed after a single turnover flash in 
PS II enriched thylakoid membranes was shown to 
be increased at low pH and highly correlated with 
increased fluorescence quenching (Bruce etal., 1997). 
It is clear that the accumulation of Chl + , most likely 
Chl z + , is favored when Cyt b 55g is oxidized and/or 
when the donor side of PS II is inhibited and that its 
presence is correlated with fluorescence quenching 
at both cryogenic and physiological temperatures. 
How much Chl z + contributes to total q E quenching 
in vivo under various physiological conditions is 
still uncertain. 

Another aspect to the potential quenching role of 
Chl z + comes from observations that oxidized carot- 
enoids (Car + ) are also generated under the cryogenic 
illumination conditions used to form Chl z + (Hanley et 
al., 1999). Car + was observed as the primary product 
of illumination of Mn depleted higher plant PS II at 
20K; however, warming to 120K resulted in loss of 
the Car + and formation of ChT (Hanley et al., 1 999). 
These results suggest that the carotenoid is oxidized 
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directly by P680 + and that Car + subsequently oxidizes 
Chl z . There is some controversy over whether the Car + 
may also be reduced directly by Cyt b ssg , effectively 
in competition with Chl z , as opposed to a purely lin- 
ear electron transport pathway from Cyt b 5sg to Chl z 
to carotenoid (Hanley et al., 1999; Tracewell et al., 
200 1 ). Absorbance spectroscopy has shown multiple 
Chi + to be present in illuminated higher plant PS II 
(Tracewell et al., 2001) and in cyanobacterial PS II 
(C. Tracewell and G. Brudvig, personal communica- 
tion). The EPR signal earlier attributed to Chl z + (D 1 ) 
is actually a mixture of Chl z + , Chl + and Cart. It is 
not clear at this time what the relative involvement 
of the different cations is in fluorescence quench- 
ing and energy dissipation (Tracewell et al., 2001). 
The carotenoid may well play a role in fluorescence 
quenching. 

Further complications to the Chl z + quenching story 
arose from inspection of the X ray crystal structure 
of PS II from Synechococcus elongatus (Zouni et al., 
2000 ). This structure locates Cyt b 5S9 on the D2 side 
of the reaction center, relatively close to Chl z (D2), 
but distant from Chl z (Dl). It is unclear how this 
result can be reconciled with the observed electron 
transport from Cyt b 5sg to Chl z + . In addition, excited 
state dynamics calculations, based on the positions 
and orientations of the chromophores in PS II from 
the X ray structure, have shown that the energetic 
coupling of Chl z (Dl) and Chl z (D2) to the reaction 
center chlorins and to the antenna Clils of CP43 and 
CP47 is poor (Vasil’ev etal., 2001). In fact, these two 
Clils are the most energetically isolated of any chlorins 
in the structure (see Fig. 4), and it is difficult for the 
excited state dynamics model to simulate a significant 
degree of fluorescence quenching by assigning either 
one of them a quenching role. The X-ray structure 
of PS II from Thermococcus vulcanus has however, 
presented a possible solution. The two carotenoids 
in the reaction center are positioned between the 
reaction center chromophores and the antenna Chi 
of CP43 and Cyt b 5sg in this structure. In addition, a 
Chi molecule is located between the antenna Chi of 
CP43 and Chl z (Dl) in the X-ray structure from T. 
vulcanus. A chain of chromophores, all within 6A of 
each other, connect the reaction center to Chl z (Dl ) 
and to Cyt b ssg . We have suggested that this chain 
of pigments may facilitate electron transport from 
Chl z (Dl) to both the reaction center and to Cyt b 55g 
(Vasil’ev et al., 2003). 

In Chlamydomonas the situation may differ. Site 
directed mutation of the histidine ligand to Chl z (D2) 



has been shown to affect quenching by ChT whereas 
mutation of the ligand to Chl z (Dl) has not (Wang 
et al., 2002). Further work is clearly required to 
elucidate the molecular mechanism of quenching 
by Chl z + in PS II. 

D. Red Algae, State Transitions and/or q E : An 
Interesting Case 

One of the first reports of state transitions in photo- 
synthesis was in the red alga Porphyridium cruentum 
(Murata, 1969). The large light driven changes in 
fluorescence in red algae were interpreted to arise 
from a state transition type mechanism and were 
studied for many years by a number of different groups 
(Ried and Reinhardt, 1977, 1980; Ley and Butler, 
1980; Biggins et al., 1984; Ley, 1984; Bruce et al., 
1985; Biggins and Bruce, 1985). It was subsequently 
shown in an elegant series of experiments (Delphin 
etal., 1996, 1998) that the fluorescence quenching in 
red algae was ApH dependent and the result of a q E 
type mechanism. What makes the case of red algae 
even more interesting is that a number of features, 
considered to be key components in the molecular 
mechanisms of q E in green plants and algae, are 
non-existent in red algae. Red algae do not contain 
LHC II polypeptides, or an active xanthophyll cycle 
and thus far there is no evidence for the presence of the 
PsbS protein! Nevertheless, a large ApH dependent 
q E exists in red algae and has been shown to serve a 
photoprotective role against photoinhibition (Ritz et 
al., 1999). There is clearly an exciting opportunity to 
study and compare the origins of qE in green plants 
and red algae. 



IV. Concluding Remarks 

Organisms capable of oxygenic photosynthesis 
regulate the relative efficiency of light harvesting 
by PS II with a number of different mechanisms. 
The existence of a variety of regulatory mechanisms 
for PS II is not unexpected considering the two 
strong conflicting selection pressures exerted on 
photosynthesis. The requirement for highly efficient 
light absorption under light limiting conditions is 
contrasted by the requirement for safe dissipation 
of ‘excess’ absorbed excitation energy when light 
absorption exceeds photosynthetic capacity. As most 
photosynthetic organisms have little control over their 
environment, the ability to regulate light harvesting 
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is extremely advantageous. The study of PS II regu- 
latory mechanisms is almost synonymous with the 
measurement of fluorescence yield and quenching. 
Fluorescence yield is a sensitive indicator of excited 
state processes in PS II. The development of sophis- 
ticated tools and models for the detection, analysis 
and simulation of Chi a fluorescence emission has 
increased the depth of our understanding of primary 
processes in PS II and their regulation. However, not 
all fluorescence quenching is reflective of regulatory 
energy dissipative mechanisms and the analysis of 
fluorescence is fraught with complicating factors. In 
this chapter we have therefore touched on a number 
of areas related to the measurement and analysis of 
fluorescence emission in the context of understand- 
ing fluorescence quenching and its relationship to 
energy dissipative mechanisms. We hope we have 
brought a sense of both the complexity and diversity 
of energy dissipative mechanisms in our discussion 
of state transitions, qE and quenching by quinones. 
Although controversy exists in a number of these 
areas we believe that much of this may arise from a 
true multiplicity of related mechanisms. The relative 
expression of any individual mechanism may well 
depend upon species, environmental conditions, 
metabolic state and/or developmental stage. For ex- 
ample, clearly distinct mechanisms for q E and state 
transitions are found when comparing red algae and 
cyanobacteria, respectively, to higher plants. The 
continued elucidation of energy dissipative mecha- 
nisms and the assessment of their ability to confer 
photoprotection remains a challenging task. 

We end this chapter by pointing out that there is 
‘robustness’ in biology, and, there may very well be 
‘redundancy’ in the various mechanisms of regulation 
of how excess excitation energy may be dissipated. 
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Summary 

Light stress acclimation in plants is a complex process that involves avoidance responses, passive defenses, 
and active regulatory mechanisms acting on different timescales at the thylakoid, chloroplast, cell, leaf, and 
whole plant levels. Molecular and genetic approaches, especially using three model photosynthetic organisms 
(Arabidopsis thaliana, Chlamydomonas reinhardtii, and Synechocystis sp. strain PCC6803), are powerful tools 
for the analysis of plant responses to light stress and, more generally, to abiotic stress. Several genetic techniques 
can be used to dissect photoprotective processes that have been identified by biochemical and physiological 
methods, as well as to uncover previously unknown mechanisms. By designing appropriate genetic screens or 
selections, mutants affecting acclimation to light stress can be isolated. One example of a specific screening 
strategy is the use of chlorophyll fluorescence video imaging to identify mutants affecting nonphotochemical 
quenching, state transitions, and photoacclimation. Various nonphotochemical quenching, npq, mutants affecting 
photosynthetic electron transport, xanthophyll metabolism, and the PsbS protein have provided insights into 
both mechanistic aspects and the physiological significance of nonphotochemical quenching. Other mutants 
affecting photoreceptors and antioxidant synthesis have also been very useful in studying light stress acclima- 
tion. Targeted reverse genetics approaches such as RNA interference, gene knockouts, and overexpression can 
be used to test the functions of previously identified genes. Relevant examples include transgenic organisms 
affecting expression of violaxanthin de-epoxidase, the light-harvesting proteins CP29 and CP26, 2-cysteine 
peroxiredoxin, and other antioxidant enzymes. Implementation of large-scale approaches such as mRNA ex- 
pression analysis using microarrays and proteomic analysis will identify new targets for functional genomics 
studies of light stress acclimation. 



I. Introduction 

Plants in nature are confronted with diverse abiotic 
stresses, including drought stress, salt stress, tempera- 
ture stress, nutrient stress, and light stress. As sessile 
organisms, plants are unable to avoid these stresses 
by moving to a new location, and therefore they have 
evolved numerous general and specific strategies to 
cope with environmental fluctuations that occur in 
nature on timescales ranging from seconds to seasons 
(Chow, 1994; Long etal., 1994;also see Chapter 21, 
Gilmore, this volume). 

Light stress occurs when a plant absorbs incident 
light energy that exceeds its capacity for C0 2 fixation. 



Abbreviations: 2-CP - 2-cysteine peroxiredoxin; APX- ascorbate 
peroxidase; Chi - chlorophyll; CP29, CP26 - chlorophyll protein 
complexes, with molecular masses of 29 and 26 kDa, respectively ; 
GPX - glutathione peroxidase; HPLC - high-performance liquid 
chromatography; NPQ - nonphotochemical quenching (of chlo- 
rophyll fluorescence); PAR photosynthetically active radiation; 
PCR polymerase chain reaction; PFD - photon flux density; P niax 

- light- saturated rate of photosynthesis; PS - photosystem; qE 
rapidly reversible, ApH-dependent nonphotochemical quenching 

of chlorophyll fluorescence; ql - photoinhibitory nonphotochemi- 
cal quenching of chlorophyll fluorescence; qT - state-transition 
nonphotochemical quenching of chlorophyll fluorescence; ROS 
reactive oxygen species; Rubisco ribulose-l,5-bisphosphate 
carboxylase/oxygenase; SOD - superoxide dismutase; VDE 

- violaxanthin de-epoxidase; ZE - zeaxanthin epoxidase 



Within the physiologically relevant range of incident 
light intensities, light absorption increases linearly 
with increasing photon flux density (PFD), whereas 
the rate of photosynthesis (measured, for example, as 
0 2 evolution) reaches a maximum value called 
(Fig. 1; Owens, 1994 ). Therefore, at PFDs that exceed 
saturation of photosynthesis, a plant is absorbing 
more light than it can actually use for photosynthesis. 
Underthese conditions, the photosynthetic apparatus 
can become overexcited and overreduced, resulting 
in increased generation of reactive oxygen species 
(ROS), photo-oxidative damage, and inhibition of 
photosynthesis (photoinhibition) (reviewed in Asada 
andTakahashi, 1987; Kyle, 1987; Asada, 1996). An 
environmental stress that limits C0 2 fixation, for ex- 
ample due to stomatal closure during drought stress, 
will lower P max and increase light stress even further 
(Fig. 1). Thus, light stress is often a common denomi- 
nator in many types of environmental stresses. 

With the development of genetic and molecular 
research tools, new ways to study light stress and 
photosynthesis have been opened (reviewed in Niyogi, 
1999). This chapter will review genetic approaches 
to understanding how plants deal with light stress. 
After briefly s u mm a rizin g some of the biochemical 
and physiological processes that are involved in 
light stress acclimation, we will provide an overview 
of several genetic strategies that can be applied to 
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Fig. I. Light response curves for photosynthesis and light absorption. Excess light stress is experienced when light absorption exceeds 
light energy utilization. Light stress is exacerbated by environmental stresses that limit photosynthesis. PFD. photon flux density. 



study this problem, including some examples from 
the investigation of other abiotic stresses. Table 1 
summarizes the mutants that are discussed. We will 
highlight especially the utility of chlorophyll (Chi) 
fluorescence (for background on fluorescence, see 
Govindjee et al., 1986; Krause and Weis, 1991; Go- 
vindjee, 1995) in identifying and studying mutants 
that affect aspects of light stress acclimation, and we 
will focus on novel, sometimes unexpected insights 
that have been gained from mutant studies. 



II. Biochemical and Physiological Aspects 
of Light Stress 

Plants have evolved numerous responses to light 
stress, most of which are thought to protect against 
the potentially damaging effects of excess light. Many 
photoprotective mechanisms have been identified 
during the past several decades by biochemical and 
physiological studies of plants in natural and con- 
trolled environments. For more details, the reader 
should consult the chapters by Adams and Demmig- 
Adams; Bruce; Gilmore; and Krause and Jahns, as 
well as several reviews (Demmig-Adams and Adams, 
1992; Bjorkman and Demmig-Adams, 1994; Horton 
et al., 1996; Gilmore and Govindjee, 1999; Niyogi, 
1999; Niyogi, 2000); for some historical aspects, see 
Govindjee and Seufferheld (2002). These processes 
can be divided into short-term stress responses and 
longer-term acclimation responses. The short-term 
responses represent the first lines of defense against 
light stress. Similar to the ubiquitous heat shock re- 
sponse, these mechanisms can be considered as a light 
shock response. The ability of plants to acclimate to 
light stress in the long term reflects their phenotypic 
plasticity in different environments ( Bjorkman, 1981; 
Anderson et al., 1995). 



A. Avoidance Responses 

A good way to avoid light stress is to avoid absorbing 
excess light in the first place. Short-term avoidance 
responses include leaf and chloroplast movements. 
Through pulvinar actions, some plants are able to 
change the orientation of their leaves relative to the 
direction of incident light in order to minimize light 
absorption (Bjorkman and Demmig-Adams, 1994). 
Within a plant cell, chloroplasts can re-orient their 
position in response to changes in PFD. In low light, 
chloroplasts tend to be spread out perpendicular to the 
incident light to maximize light absorption, whereas 
in high light the chloroplasts line up along the edges 
of the cell. Measurement of the action spectrum for 
chloroplast movement revealed that this response 
is mediated by a blue light photoreceptor in plants, 
whereas in some green algae and ferns, phytochrome 
is involved (Wada et al., 1993). 

8. Sinks for Excitation Energy: Thermal Dis- 
sipation by Nonphotochemical Quenching 

Once a leaf has absorbed light, the resulting excitation 
energy can be utilized in photosynthesis or wasted. 
Absorption of a photon by a Chi molecule results in 
singlet excitation (‘Chi*), and the excitation energy 
is transferred between Chls in the antenna until it is 
either dissipated or trapped in the reaction center by 
charge separation and electron transfer. Dissipation 
processes include Chi fluorescence, conversion to the 
triplet state ( 3 Chl ) and triplet quenching, and nonpho- 
tochemical quenching (NPQ) of 'Chi*. The Triplet 
valve’ is a passive, constitutive sink for excitons, but 
NPQ reflects regulatory processes that are induced 
by light stress and result in harmless, thermal dis- 
sipation of excitation energy. Because NPQ occurs in 
competition with photochemistry, it helps to prevent 
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Table 1. Summary of selected mutants and transgenics, discussed in the text, that have been used to study acclimation to light stress 
and other abiotic stresses 



Mutant/Transgenic 


Organism 


Affected Gene 


Phenotype 


Reference 


abal (npq2) 


Arabidopsis 


ZE 


altered qE kinetics 


(Koomneef etal., 1982; 
Niyogi etal., 1998) 


apel 


Arabidopsis 


novel gene 


altered thylakoid 
acclimation to high light 


(Walters et al, 2003) 


ape2 


Arabidopsis 


TPT 


lower P niax in low light 
and high light 


(Walters et al, 2003) 


2-CP antisense 


Arabidopsis 


2-cys peroxiredoxin 


altered antioxidant 
network 


(Baier and Dietz, 1999b) 


2-CP knockout 


Synechocystis sp. 
strain PCC6803 


2-cys peroxiredoxin 


abiotic stress 
sensitivity 


(Klughammer et al., 1998) 


chlorina f2 


Barley 


n.d. a 


Chi Mess 


(Boardman and Highkin, 1966) 


chyB 

overexpression 


Arabidopsis 


p-carotene 

hydroxylase 


enhanced tolerance of 
high light and high 
temperature 


(Davison et al., 2002) 


CP26 antisense 


Arabidopsis 


Lhcb5 


slightly altered qE 


(Andersson et al., 2001) 


CP29 antisense 


Arabidopsis 


Lhcb4 


slightly altered qE 


(Andersson et al., 2001) 


cryl (hy4) 


Arabidopsis 


CRY1 photoreceptor 


defect in blue-light 
responses 


(Koomneef etal., 1980; 
Ahmad and Cashmore, 1993) 


cry2 


Arabidopsis 


CRY2 photoreceptor 


defect in blue-light 
responses 


(Guo et al., 1998) 


detl 


Arabidopsis 


nuclear protein 


defect in phytochrome 
signaling 


(Chory et al., 1989) 


hosl 


Arabidopsis 


RING finger protein 


aberrant expression of 
a cold-inducible 
promoter 


(Ishitani et al., 1998; 
Lee et al., 2001) 


hyl 


Arabidopsis 


heme oxygenase 


defect in red-light 
responses 


(Koomneef etal., 1980) 


hy5 


Arabidopsis 


DNA-binding 

protein 


defect in red-light 
responses 


(Koomneef etal., 1980) 


lorl 


Chlamydomonas 


n.d. a 


lutein- and qE- 
deficient 


(Chunaev et al. , 1991; 
Niyogi et al., 1997b) 


lull 


Arabidopsis 


n.d. a 


lutein- and qE- 
deficient 


(Pogson et al., 1996) 


lut2 


Arabidopsis 


lycopene s-cyclase 


lutein- and qE- 
deficient 


(Pogson et al., 1996) 


nblR 


Synecho coccus sp. 
strain PCC7942 


response regulator 


high-light- sensitive, 
non-bleaching 


(Schwarz and Grossman, 1998) 


nblS 


Synecho coccus sp. 
strain PCC7942 


sensor histidine 
kinase 


high-light-sensitive, 

non-bleaching 


(van Waasbergen et al., 2002) 


NDH knockout 


Tobacco 


chloroplast ndh 
genes 


stress- sensitive 


(Burrows et al., 1998; 
Koferetal., 1998; 
Shikanai et al., 1998; 
Horvath et al., 2000) 


nphl 


Arabidopsis 


photo tropin 


defect in blue-light- 
induced phototropism 


(Liscum and Briggs, 1995) 


npll 


Arabidopsis 


NPL1 


defect in blue-light- 
induced chloroplast 
movement 


(Jarillo et al., 2001; 
Kagawa et al., 2001) 


npql 


Arabidopsis 


VDE 


zeaxanthin- and qE- 
deficient 


(Niyogi et al., 1998) 


npql 


Chlamydomonas 


n.d. a 


zeaxanthin- and qE- 
deficient 


(Niyogi et al., 1997a) 
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Table 1, continued. 



npq2 


Chlamydomonas 


ZE 


altered qE kinetics 


(Niyogi et al., 1997a) 


npq4 


Arabidopsis 


psbS 


qE-deficient 


(Li et al., 2000; 

Peterson and Havir, 2000; 
GraBes et al., 2002) 


npq5 


Chlamydomonas 


LHC 


qE-deficient 


(Elrad et al., 2002) 


phyA-201 


Arabidopsis 


phytochrome A 


defect in red-light 
responses 


(Nagatani etal., 1993) 


phyB-1 


Arabidopsis 


phytochrome B 


defect in red-light 
responses 


(Koornneef et al., 1980) 


psbS 

overexpression 


Arabidopsis 


psbS 


higher qE 


(Li et al., 2002b) 


psbZ 


Tobacco 


chloroplast psbZ 
gene 


altered qE 


(Swiatek et al., 2001) 


PSI-F 


Arabidopsis 


psaF 


PSI-deficient 


(Haldrup etal., 2000) 


PSI-H 


Arabidopsis 


psaH 


PSI-deficient 


(Naveretal., 1999) 


PSI-K 


Arabidopsis 


psaK 


PSI-deficient 


(Jensen et al., 2000) 


PSI-N 


Arabidopsis 


psaN 


PSI-deficient 


(Haldrup etal., 1999) 


pstl 


Arabidopsis 


n.d. a 


photoautotrophic salt 
tolerant 


(Tsugane et al., 1999) 


sosl 


Arabidopsis 


transporter 


salt overly sensitive 


(S-J.Wuetal., 1996; 
Shi et al., 2000) 


sos2 


Arabidopsis 


protein kinase 


salt overly sensitive 


(J. Liu et al., 2000) 


sos3 


Arabidopsis 


Ca 2+ -binding protein 


salt overly sensitive 


(J. LiuandZhu, 1998) 


stml 


Chlamydomonas 


n.d. a 


qT-deficient 


(Kruse et al., 1999) 


stt3-4b 


Chlamydomonas 


n.d. a 


qT-defieient 


(Fleischmann et al., 1999) 


stt7 


Chlamydomonas 


protein kinase 


qT-deficient 


(Fleischmann et al., 1999; 
Depege et al., 2003) 


VDE antisense 


Tobacco 


VDE 


zeaxanthin- and qE- 
deficient 


(Chang et al., 2000) 


VHL R 


Chlamydomonas 


n.d. a 


very high light 
resistant 


(Forster et al., 1999) 


vtcl 


Arabidopsis 


GDP-mannose 

pyrrophosphorylase 


ascorbate-deficient 


(Conklin et al., 1996, 1999; 
Jander et al., 2002) 


vtc2 


Arabidopsis 


novel gene 


ascorbate-deficient 


(Conklin et al., 1996, 2000 



a Not yet determined. 



overreduction of the photosynthetic electron transfer C. Sinks for Electrons 

chain in excess light. 

NPQ, as determined routinely through measure- I.Assimilatory 
ments of Chi fluorescence quenching, has several 

components (reviewed in Horton et al, 1996; Muller Linear photosynthetic electron transport generates 
et al. , 200 1 ). The major component under most short- reducing power and a ApH that is harnessed to synthe- 

term light stress conditions occurs in Photosystem size ATP. (For roles of ApH, see Chapter 10, Kramer 

(PS) II and is called qE. It depends on the buildup et al.) Reduced ferredoxin on the acceptor side of 

of a high ApH and conversion of violaxanthin to PS I is a key branchpoint for electron transfer, and 

antheraxanthin and zeaxanthin (via the xanthophyll electrons are used in several assimilatory reduction 

cycle). State transitions also contribute to NPQ by reactions. C0 2 reduction in the Calvin-Benson cycle 

decreasing the PS II fluorescence yield at room tem- is the major sink for electrons, but significant electron 

perature (qT) (see Chapter 17, Allen and Mullineaux, flow is also involved in the reduction of nitrogen and 

for a discussion of state changes), and photoinhibi- sulfur. A shortage of acceptors will limit electron 

tion is associated with a slowly relaxing component transport and cause a buildup of the ApH, which 

of NPQ called ql. 
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will trigger dissipation of excess excitation energy 
in PS II by qE. Whitmarsh and Govindjee (200 1 ) and 
Chapter 8, Shinkarev, have discussed basic chemical 
steps involved in PSII reactions. 

2. Non-Assimilatory 

In addition to assimilatory pathways, electron transfer 
canoccur via several non-assimilatory routes, thereby 
relieving electron pressure in the photosynthetic appa- 
ratus in excess light. 0 2 reduction by Rubisco initiates 
the photorespiratory pathway, which uses additional 
NADPH and ATP compared to C0 2 fixation (Osmond, 
1981). Direct reduction of 0 2 can also occur on the 
acceptor side of PS I in the Mehler reaction (Mehler, 
1951), generating superoxide (0 2 ). Scavenging of 
0 2 ‘ by superoxide dismutase (SOD) produces H 2 0 2 , 
which is reduced by ascorbate peroxidase (APX) to 
H 2 0 in the water- water cycle (Asada, 1999). Ad- 
ditional electrons are consumed in the regeneration 
of reduced ascorbate, glutathione, tocopherols, and 
lipid hydroperoxides. 

The malate valve has also been suggested as a 
sink for excess electrons (Scheibe, 1987). Reduc- 
ing conditions activate the chloroplast isozyme of 
NADP-malate dehydrogenase, and electrons used 
to generate malate may ultimately be transferred 
to 0 2 in mitochondrial respiration. The transfer of 
reducing equivalents out of the chloroplasts could 
have a significant role in excess light (Fridlyand et 
al., 1998). 

Thioredoxin is a regulatory protein that accepts 
electrons from ferredoxin (Buchanan, 1991). By 
reducing disulfides in target proteins, reduced 
thioredoxin regulates several chloroplast activities, 
including NADP-malate dehydrogenase, fructose- 
1, 6-bisphosphatase, phosphoribulokinase, glucose- 
6-phosphate dehydrogenase, ATP synthase, and 
possibly translation of mRNAs (Buchanan, 1991; 
Ruellandand Miginiac-Maslow, 1999). Thioredoxin 
also appears to be the electron donor for the reduction 
of lipid hydroperoxides by 2-cysteine peroxiredoxin 
(2-CP) (Baier and Dietz, 1999a). 

The recent discovery of a chloroplast alternative 
oxidase (Carol et al., 1999; D. Wuet al., 1999) raises 
the possibility of an 0 2 -dependent valve for excess 
electrons in the plastoquinone pool (Cournac et al., 
2002 ). 



D. Antioxidants 

The generation of ROS is an inevitable consequence 
of oxygenic photosynthesis and respiration, and plants 
have multiple defenses that help minimize oxida- 
tive damage by physical quenching and chemical or 
enzymatic scavenging of ROS. These antioxidants 
include small molecules such as carotenoids, toco- 
pherols (Vitamin E), ascorbate (Vitamin C), gluta- 
thione, and various phenolics. Carotenoids, including 
xanthophylls, are integral structural components of 
photosystems and light-harvesting complexes, and 
they have roles as accessory light-harvesting and 
photoprotective pigments . Besides the involvement of 
specific xanthophylls inNPQ, carotenoids in general 
are major quenchers of 3 Chl and singlet 0 2 (‘0 2 *) 
(Demmig- Adams et al., 1996; Frank and Cogdell, 
1996). Tocopherols are the other major lipid-soluble 
antioxidants, and they are involved in scavenging 
‘0 2 * and terminating lipid peroxidation chain reac- 
tions in thylakoid membranes (Fryer, 1992), possibly 
protecting Dl, one of the major proteins of the PS II 
reaction center, from ‘0 2 * -triggered degradation 
(Trebst et al., 2002). Ascorbate and glutathione are 
the main antioxidants in the chloroplast stroma (Noc- 
tor and Foyer, 1998), where they scavenge ROS and 
provide reducing power for regenerating oxidized 
tocopherols and for APX and glutathione peroxidase 
(GPX). In some plants, phenolic compounds that can 
scavenge ROS accumulate in response to oxidative 
stress (Grace and Logan, 2000). 

Antioxidant enzymes include SOD, APX, 2-CP, 
GPX, catalase, and enzymes involved in regeneration 
of small molecule antioxidants. Besides the thylakoid- 
localized isozymes of SOD andAPXthat are involved 
in the water-water cycle, there are stromal and several 
extra-plastidic forms of these enzymes in plants. 
2-CP and GPX can reduce lipid hydroperoxides that 
are generated as a result of lipid peroxidation chain 
reactions (Baier and Dietz, 1999b). One important 
difference between 2-CP and GPX is that 2-CP is a 
stromal enzyme that is localized at thylakoid mem- 
branes (Baier and Dietz, 1999b), whereas GPX may 
be associated with the envelope membrane (Blee 
and Joyard, 1996). Catalase located in peroxisomes 
is a major enzyme responsible for eliminating the 
large amounts of H 2 0 2 produced by photorespiratory 
metabolism. Several enzymes such as glutathione 
reductase, monodehydroascorbate reductase, and 
dehydroascorbate reductase are part of a network of 
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enzymes that maintain the ascorbate and glutathione 
pools in their reduced states. 

E. Leaf Developmental and Physiological Ac- 
climation to Light Stress 

In contrast to the rapidly induced or constitutive 
photoprotective defenses described above, plants 
exhibit acclimative changes in response to light stress 
that occur on a timescale of hours to days. Many of 
these responses were described in classic experi- 
ments comparing ‘sun’ and ‘shade’ leaves (reviewed 
in Bjorkman, 1981). At the leaf level, differences in 
leaf thickness, pubescence, light transmission, and 
stomatal distribution are found between plants grow- 
ing in sun and shade, and also between sun and shade 
leaves on the same plant. Sun leaves typically are 
thicker due to expansion of palisade cells, and they 
have a higher density of leaf hairs and stomates (also 
see Chapter 28, Lichtenthaler and Babani, concerning 
further information on sun and shade leaves). Within 
photosynthetic cells, the chloroplasts can exhibit large 
plasticity in position and size. The arrangement of 
thylakoids also varies considerably, with decreased 
thylakoid stacking found in sun leaves. 

Sun leaves are characterized by a higher capacity 
for photosynthetic electron transport and higher rates 
of respiration (Bjorkman, 1981; Walters and Horton, 

1994) . Elevated P m-lx in sun leaves is accompanied 
by increases in the levels of Rubisco and electron 
transport components such as cytochrome f. Accli- 
mation to high light also usually involves a decrease 
in light -harvesting antenna size compared to shade 
leaves (Malkin and Fork, 1981). This occurs in part 
through downregulation of the nuclear genes encod- 
ing the light-harvesting complex (LHC) proteins in 
high light (Escoubas et al., 1995; Maxwell et al., 

1995) , resulting in fewer peripheral LHC proteins 
associated with each photosystem. Chi b is mainly 
associated with the peripheral LHC proteins, so a 
decrease in antenna size is associated with an increase 
in Chi a/b ratio. Proteolysis of existing LHC proteins 
can also contribute to a reduction in antenna size 
(Lindahl et al., 1995). 

Because perception of excess light occurs in the 
chloroplast, there must be at least one, and likely 
more than one, signal transduction pathway from 
the chloroplast to the nucleus that affects nuclear 
photosynthetic gene expression. Changes in the redox 
state of the plastoquinone pool seem to be involved in 
this signaling (Escoubas et al., 1995; Maxwell et al., 



1995). The absence ofblue light abolishes acclimation 
to high light in Arabidopsis tha liana. However, very 
weak blue light restores acclimation, suggesting that 
the role ofblue light is to prevent acclimation from 
occurring at night (Walters and Horton, 1995). 



III. Genetic Methods to Study Abiotic 
Stress 

Genetic approaches are useful for dissecting the com- 
plexity of responses to abiotic stresses such as light 
stress. Appropriate mutants allow for the analysis of 
individual aspects of acclimation and assessment of 
their relative significance. 

A. The Use of Model Organisms 

Recent advances in understanding abiotic stress 
in plants have relied to a large extent on the use of 
selected model organisms for which sophisticated 
molecular and genetic tools have been developed. 
The laboratory weed Arabidopsis thaliana is an ex- 
cellent example of a model experimental plant, and 
its attributes have been enumerated often (Meinke et 
al., 1998). Briefly , Arabidopsis is a diploid flowering 
plant with a rapid life cycle and a small, completely 
sequenced genome (The Arabidopsis Genome Ini- 
tiative, 2000). It normally self-pollinates but can be 
outcrossed manually, and there is an extensive collec- 
tion of genetic markers for mapping mutations and 
cloning genes. Transformation of the nuclear genome 
has become routine (Clough and Bent, 1998). 

Unicellular photosynthetic organisms have also 
been invaluable for studies of abiotic stress. In many 
ways, the haploid green alga Chlamydomonas rein- 
hardtii is the organism of choice for genetic studies 
of eukaryotic photosynthesis (Rochaix et al., 1998; 
Dent et al., 2001). Chlamydomonas has excellent 
genetics, including tetrad analysis and transformation 
of nuclear and chloroplast genomes, and nonphoto- 
synthetic and/or light-sensitive mutants can be grown 
on acetate in complete darkness. In addition, a draft 
sequence of its nuclear genome was recently com- 
pleted (http://genome.jgi-psf.org/). Cyanobacteria are 
also very powerful model photosynthetic organisms, 
with the possibility to knockout genes and perform 
site-directed mutagenesis by homologous recombi- 
nation (Bryant, 1994; Vermaas, 1998). In particular, 
Synechocystis sp. strain PCC6803 has the advantages 
of a completely sequenced genome (Kaneko et al., 
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1996) and heterotrophic growth of nonphotosyn- 
thetic mutants. However, cyanobacteria are limited 
as models for light stress acclimation in plants since 
they are prokaryotic rather than eukaryotic, have 
different light-harvesting systems (phycobilisomes), 
and lack some plant photoprotective mechanisms 
such as qE. 

B. Mutagenesis Techniques 

Genetic strategies begin with mutagenesis to induce 
mutations in a population from which the desired 
mutant can be isolated. Mutagenized populations 
are then screened for a particular phenotype (for- 
ward genetics) or for mutations in a specific gene 
of interest (reverse genetics). After mutagenesis of 
Ambidopsis seeds, the resulting plants (M, gener- 
ation) that are heterozygous for any given mutation 
are allowed to self-pollinate, and then homozygous 
recessive mutants can be recovered in the subsequent 
M 2 generation. Because Chlamydomonas is haploid, 
there is no need to generate homozygous mutants, 
and even recessive mutants can be recovered directly 
after mutagenesis. Synechocystis has multiple copies 
of its circular genome, so a period of growth follow- 
ing mutagenesis is necessary to allow segregation of 
wild-type copies of the genome and expression of 
recessive mutant phenotypes. Similar outgrowth is 
necessary for isolation of homoplasmic chloroplast 
mutations in Chlamydomonas or plants. 

For inducing random point mutations, ethyl meth- 
ane sulfonate (EMS) is a useful chemical mutagen 
that generally causes C/G to T/A base pair changes. 
Bombardment of seeds with fast neutrons generates 
deletions and rearrangements of DNA in Ambidopsis. 
Genes affected by point mutations or deletions can 
be identified by map-based cloning in Ambidopsis 
(Lukowitz et al., 2000) or by complementation in 
Chlamydomonas and Synechocystis (Fimke et al., 
1997; Vermaas, 1998). Random insertional muta- 
genesis can be performed by T-DNA or transposon 
mutagenesis in Ambidopsis and by plasmid insertion 
in Chlamydomonas and Synechocystis. An advantage 
of insertional mutagenesis is that mutations can be 
‘tagged’ by the insertion of DNA of known sequence, 
and the affected gene can be identified relatively eas- 
ily. Although insertional mutagenesis often results in 
loss-of-function mutations, a strategy for ‘activation 
tagging’ of genes has been developed in Ambidopsis 
for generating dominant, gain-of-function mutations 
due to overexpression of genes adjacent to an inserted 



transcriptional enhancer (Weigel et al., 2000). In 
Synechocystis and the chloroplast genomes of Chiam- 
ydomonas and tobacco, mutations in any specific 
gene can be generated by homologous recombination, 
which occurs at high frequency. 

C. Forward Genetics Strategies 

In forward (also called classical) genetic analysis, 
mutant populations are subjected to screening or se- 
lection to identify a mutant of interest, and subsequent 
experiments lead eventually to identification of the 
gene that was affected in the mutant. A mutant screen 
involves assaying the phenotype of each mutant in the 
population, preferably in parallel, and then finding 
the mutant with the desired phenotype. In contrast, 
a mutant selection strategy establishes conditions 
under which wild-type individuals are killed and 
only the desired mutant will survive. Selection has 
the advantage that larger numbers of mutagenized 
individuals can usually be assayed. 

Further genetic analysis is used to characterize 
mutants with the desired phenotype. In organisms 
with a sexual cycle (like Chlamydomonas and Am- 
bidopsis), a mutant can be crossed with the wild-type 
starting strain to test for dominance and Mendelian 
segregation. Mutants with similar phenotypes can 
be crossed to each other to place mutants into 
complementation groups and to test for linkage to 
each other. By crossing to a polymorphic wild-type 
strain, a mutation can be mapped to a chromosomal 
position relative to molecular markers such as simple 
sequence length polymorphisms and single nucleotide 
polymorphisms, and eventually map-based cloning 
can identify the affected gene ( Jander et al., 2002). 
For mutants generated by insertional mutagenesis, 
cosegregation of the phenotype and inserted DNA 
can be checked in a cross to confirm that the muta- 
tion is actually tagged, and the gene interrupted by a 
DNA insertion can be identified by techniques such 
as plasmid rescue, inverse PCR (Polymerase Chain 
Reaction), or thermal asymmetric interlaced (TAIL) 
PCR(Y-G. Liuetal., 1995). Transforming the mutant 
with the wild-type gene and restoring the wild type 
phenotype usually provide the final proof that the 
correct gene was cloned. 

1. Screens for Sensitivity 

One way to find genes involved in abiotic stress 
acclimation is to screen for mutants that are more 
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sensitive to the stress than the wild-type. This ap- 
proach generally targets loss-of-fimction mutations 
in regulatory and structural genes that normally help 
the organism to survive under stress conditions. 

The isolation of Arabidopsis mutants that are hyper- 
sensitive to salt stress provides an excellent example 
of the use of this approach (Zhu, 2000). Three sos 
(salt-overly-sensitive) mutants, sosl, sos2, and sos3 
were isolated using a root-bending screen. These 
mutants have been very well characterized, and the 
genes have been cloned. The SOS1 gene is predicted 
to encode a transmembrane protein with similari- 
ties to a plasma membrane Na + /H + antiporter from 
bacteria and fungi (Shi et al., 2000). SOS2 encodes 
a protein kinase required for salt tolerance (J. Liu 
et al., 2000), and SOS3 encodes a calcium-binding 
protein (J. Liu and Zhu, 1998). Genetic, biochemical, 
and molecular studies of these three mutants showed 
that the SOS2 and SOS3 proteins function in the same 
pathway, and that the SOS2 kinase was activated by 
SOS3 in a Ca 2+ -dependent manner (Halfter et al., 
2000). The regulation of SOS1 under salt stress is 
controlled by this SOS3/SOS2 pathway (Qiu et al., 
2002; Quintero et al., 2002). Although these SOS 
genes have nothing directly to do with light stress, 
the results of this screen demonstrate how screening 
for stress sensitivity can uncover some structural 
genes involved in stress resistance (i.e., SOS1), as 
well as components of signal transduction pathways 
(i.e., SOS2 and SOS3) used by plants to sense and 
respond to abiotic stress. 

Chlamydomonas, as a microbial organism, offers 
the advantage of replica plating, making it easy 
to screen for sensitive mutants. For example, to 
screen for high light sensitive mutants, mutagenized 
Chlamydomonas colonies would be grown in low 
light and then replica plated to both low light and 
high light. Mutants that fail to survive in high light 
would then be picked for further analysis from the 
low light plates. 

2. Selections for Resistance 

A complementary approach to performing sensitivity 
screens is to select for mutants that are more resistant 
to a particular stress than the wild type. This method 
has the potential to identify interesting regulatory 
mutations, including mutations that turn on a stress 
response constitutively. 

Two salt stress tolerant mutants, pstl (photo- 
autotrophic salt tolerance 1) and pst2 have been 



isolated from M 2 Arabidopsis pools mutagenized 
with EMS or T-DNA tagging (Tsugane et al., 1999). 
In addition to salt tolerance, the pstl mutant was 10 
times more tolerant to methyl viologen than the wild 
type, and it was also more resistant to high light. 
Biochemical analyses indicate that the salt tolerance 
in pstl is not due to osmolyte accumulation, but may 
be due to increased ROS scavenging activity (Tsug- 
ane et al., 1999). The mechanism of this activation is 
still not known, but it suggests the existence of some 
common responses against different kinds of environ- 
mental stresses. So far, there is not enough genetic 
and molecular evidence to elucidate the signaling or 
response mechanisms shared by light stress and other 
abiotic stresses, but evidence favoring a relationship 
between, for example, cold acclimation and light 
stress has come from physiological studies (Huner 
et al., 1998). The isolation of the pstl mutant shows 
that common mechanisms exist that confer tolerance 
of several different kinds of stress. 

Several Chlamydomonas mutants have been 
isolated that are resistant to very high light stress 
conditions (Forster et al., 1999). Mutants of both 
the laboratory wild-type strain and a site-directed 
PS II mutant (psbA-A25 1 L) were selected for growth 
under 1,500 to 2,000 «mol photons nr 2 s _1 in 5% 
C0 2 , conditions under which the parental strains are 
unable to survive. The VHL R mutants derived from 
wild type showed reduced rates and efficiency of 0 2 
evolution and a significant increase in NPQ, although 
the xanthophyll compositions were similar to that of 
the wild type. 0 2 evolution in mutants derived from 
the psbA- A251L strain was similar to that of the 
parent, and NPQ was lacking from both the mutants 
and the parent strain. Genetic analysis showed that 
four mutations affected different nuclear genes, but 
the genes responsible for the high light resistance 
phenotype have not been identified yet (Forster et 
al., 2001). 

3. Chlorophyll Fluorescence Video Imaging 

Chlorophyll fluorescence has been exploited exten- 
sively in screens for plant and algal mutants with 
defects in photosynthesis (Bennoun and Levine, 1967; 
Gamier, 1967; Miles and Daniel, 1973;Meureretal., 
1 996; Varotto et al., 2000 ). (See Chapters 14, Nedbal 
and Whitmarsh; 15, Oxborough; 28, Lichtenthaler 
and Babani, for further information on fluorescence 
imaging.) More recently, the development of Chi 
fluorescence video imaging systems has facilitated 
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the specific screening of algal and plant mutants with 
defects in Chi fluorescence quenching, including NPQ 
(Niyogi etal., 1997a, 1998; Fleischntannetal., 1999; 
Kruse etal., 1999; Shikanaietal., 1999; Peterson and 
Havir, 2000). For example, video imaging has been 
used to screen for N PQ-deficient A mbidopsis mutants 
by capturing and digitizing an image of maximum 
fluorescence (F m ', Fig. 2A) from dark -adapted plants 
during a saturating pulse of light and then an image 
of quenched maximum fluorescence (F m , Fig. 2B) 
after a period of illumination with high light. Using 
these fluorescence images, an image depicting NPQ 
is calculated using the formula ( F n - F m )/F m (Fig. 2C ). 
Using this technique, three major groups of mutants, 
directly or indirectly affecting the qE component of 
NPQ, have been isolated. 

One group of N PQ-deficient mutants that has been 
isolated using video imaging comprises mutants 
tliat are defective in the build-up of the ApH across 
the thylakoid membrane. These mutants are usually 
impaired in photosynthetic electron transport in high 
light (and sometimes also in low light), as reflected 
in a decline in the fluorescence parameter qP. Several 
Arabidopsis electron transport mutants have been 
characterized so far (Shikanai et al„ 1 999; Munekage 
etal., 2001,2002). 

The second group is composed of the first npq 
mutants characterized: mutants that are defective in 
their xanthophyll cycle or are lacking xanthophylls. 
The Chlamydomonas and Arabidopsis npql mutants 
are defective in the violaxanthin de-epoxidase ( VDE ) 
enzyme that catalyzes the conversion of violaxanthin 
to antheraxanthin and zeaxanthin, and they fail to 
make zeaxanthin in high light (Niyogi et al.. 1997a, 
1998). In contrast, npq 2 mutants affect the reverse 
reaction from zeaxanthin to violaxanthin. and they 
accumulate zeaxanthin even in low light (Niyogi 
et al., 1997a, 1998). The Arabidopsis npq2 mutant 
turned out to be an allele of aba 1, the gene encoding 
the zeaxanthin epoxidase (ZE) enzyme. New alleles 
of the Arabidopsis lull and lul 2 mutants, which lack 
lutein, have also been isolated by video imaging 
screening for mutants affecting the initial induction 
of qE by high light (A. E. Phippard and K. K. Niyogi, 
unpublished). 

The third group includes mutants that appear to 
have a specific defect in qE. These mutants have 
normal photosynthetic electron transport, pigment 
composition, and xanthophyll cycling. The best-char- 
acterized mutants of this group are the Arabidopsis 
npq4 mutants (Li et al., 2000; Peterson and Havir, 



A 




Fig. 2. Screening for Arabidopsis npq mutants by chlorophyll 
fluorescence video imaging. ( A) Image of F m (maximum fluores- 
cence. "dark*) from mutagenized Arabidopsis plants. (B) Image 
of F m ' (maximum fluorescence, light) after illumination with 800 
//mol photons nr 2 s J for 30 s. (C) Grayscale image of nonpho- 
tochemical quenching (NPQ) of Chi fluorescence, calculated as 
(F m - FJj/F^. A single npq mutant in the upper right comer is 
marked with an arrow. 
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2000, 2001; GraBes et al., 2002), which are defec- 
tive in the PS II subunit PsbS (also called PSII-S or 
CP22; Funk et al., 1995 ). The npq4 mutants isolated 
and characterized in our laboratory are allelic to 
mutants (i.e., Isr5 and CE12-13) identified in other 
Chi fluorescence video imaging screens (Shikanai et 
al., 1999; Peterson and Havir, 2000). 

Fluorescence imaging has also been used to isolate 
several state transition mutants of Chlamydomonas 
and Synechocystis by comparing images of colonies 
under State 1 and State 2 conditions (Emlyn- Jones 
et al., 1999; Fleischmann et al., 1999; Kruse et al., 
1999; see also Chapter 1 7, Allen and Mullineaux, for 
a discussion of state changes). The Chlamydomonas 
sttl and stml mutants exhibit fluorescence that is 
characteristic of State 1 under both conditions, and 
they are deficient in phosphorylation of the PS II 
LFIC proteins (Fleischmann et al., 1999; Kruse et 
al., 1999). The stt3-4b mutant is partially deficient 
in state transition, although it is able to phosphory- 
late LHC proteins under conditions favoring State 2 
(Fleischmann et al., 1999). Chi fluorescence mea- 
surements at 77K indicated a perturbation of the 
PS I peripheral antenna in stt3-4b, suggesting that 
mobility or docking of phosphorylated LHC II may 
be impaired. The phenotypes of stt7 and stt3-4b are 
due to single, nuclear mutations (Fleischmann et al., 
1999), and the STT7 gene was shown to encode a 
thy lakoid-associated serine-threonine kinase ( Depege 
et al., 2003 ). These mutants, along with Synechocystis 
state transition mutants, are described in Chapter 1 7, 
Allen and Mullineaux. 

Using Chi a fluorescence imaging, Walters et al. 
(2003) have identified Arabidopsis mutants, with 
altered acclimation to different PFDs. Plants growing 
at higher PFDs have a higher efficiency of PS II elec- 
tron transport F|) PSII), reflecting a higher capacity 
for photosynthetic utilization of absorbed light. The 
apel mutant is defective in its ability to adjust thy- 
lakoid composition (Chi a/b and PS II content ) upon 
transfer from low light to high light. The ape2 mutant 
exhibits a lower P max under all light conditions but 
shows no difference in Chi a/b ratio or PS II content 
compared to the wild type. Because the ape mutants 
were identified by screening Arabidopsis seedlings 
mutagenized by T-DNA insertion, it was relatively 
straightforward to identify the affected genes in apel 
and upe2 (Walters et al., 2003). A gene of unknown 
function (designatedAt5g38660), which is conserved 
in other photosynthetic organisms, is interrupted in 
apel, whereas ape2 contains an insertion in the gene 



encoding the TPT gene that encodes the chloroplast 
envelope triose-phosphate/phosphate translocator 
(Walters et al., 2003). Further study of mutants of 
this type should provide insights into the complexity 
of photoacclimation. 

4. Brute-force Biochemical Assay 

A labor-intensive but effective method for mutant 
screening is to assay directly for a biochemical 
phenotype in individual mutagenized plants or algal 
colonies. The success of the ‘brute-force’ approach 
in isolating Arabidopsis mutants affecting fatty acid 
metabolism (Browse et al., 1985) has inspired many 
similar screens. By performing high-performance 
liquid chromatography (HPLC) analysis of pigment 
composition on extracts of over 4,000 individual M 2 
plants, several Arabidopsis mutants defective in xan- 
thophyll metabolism were identified (Pogson et al., 
1996). In addition to alleles of abal that accumulate 
zeaxanthin, lutein-deficient mutants were found. The 
lutl mutant does not have any lutein, but accumulates 
zeinoxanthin, indicating that the mutation affects 
hydroxylation of the e ring in a-carotene. The lut2 
mutant is defective in the lycopene e-cyclase gene, 
so it cannot make a-carotene and has no lutein at 
all. Characterization of these mutants revealed that 
lutein is notrequiredforphotosynthesis (Pogson etal., 
1996). This, of course, does not mean that lutein is not 
functioning in photosynthesis when it is present. 

Ascorbate is an important antioxidant whose 
amount increases in response to light stress (Grace 
and Logan, 1996). After finding that two Arabidop- 
sis mutants ( vtcl (originally called sozl) and vtc2) 
isolated in a screen for sensitivity to ozone had a 
decreased ascorbate content (Conklin et al., 1996), 
Conklin et al. (2000) designed a simple qualitative 
ascorbate test to screen directly for ascorbate-deficient 
mutants. They screened 6,300 M 2 plants and isolated 
five new mutants that are deficient in ascorbate. 
Some of these were also ozone-sensitive, but they 
differed in sensitivity from the original vtcl mutant. 
Altogether, these seven ascorbate-deficient mutants 
define four complementation groups (Conklin et al., 
2000). The vtcl mutants are defective in the GDP- 
mannose pyrrophosphorylase gene (Conklin et al., 
1999). The vtcl and vtc2 mutants have been shown to 
have lower NPQ (Smirnoff, 2000), probably caused 
by the direct effect of limited substrate (ascorbate) 
on VDE (Muller-Moule et al., 2002). 
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5. Reporter Gene Screens 

Reporter gene fusions are very useful in elucidating 
environmental signal transduction pathways leading 
to changes in gene expression. The promoter of a 
known stress-responsive gene is ligated to a reporter 
gene and then transformed into the organism of inter- 
est to provide an easily assayed measure of promoter 
activity in vivo. The green fluorescent protein (GFP), 
the firefly luciferase, and the p-glucuronidase (GUS) 
enzyme are three of the most widely used reporters. 
In addition, the endogenous ary lsulfatase gene works 
well in Chlamydomonas (Davies et al., 1 992). Using a 
construct of luciferasejoinedto the A rabidopsis APX2 
gene, it has been shown that plants are able to signal 
high light stress to remote parts of the plant that have 
not experienced the high light directly (Karpinski et 
al., 1999). This ‘systemic acquired acclimation’ is 
associated with redox changes in the proximity of 
PS II, changes in foliar H 2 0 2 content, and induction 
of antioxidant defenses (Mullineaux et al., 2000 ). 

By screening for mutants that affect regulation of 
the promoter-reporter fusion, one can identify regu- 
latory genes that are involved in the abiotic stress 
signal transduction pathway. For example, one can 
easily envision a screen to find genes participating in 
acclimation to light stress using the d/TYT-luciferase 
system, and mutants affecting regulation of th qAPX2 
promoter have been isolated (Mullineaux et al. , 2000 ). 
A screen for a signaling pathway that controls ELIP2- 
expression is currently underway using mutagenized 
transgenic rt rabidopsis that cany an£Z/P2-luciferase 
construct (Kimura et al., 2001). Kimura and cowork- 
ers (2001) found that luciferase fused to the ELIP2 
promoter was expressed differently than when fused 
to the APX2 promoter. The ELIP2 promoter seems 
to be directly regulated by high light, whereas the 
APX2 promoter seems to be regulated by hydrogen 
peroxide and therefore only indirectly by high light. 
The same type of strategy has also been used suc- 
cessfully to isolate a mutant, hosl , which affects cold 
stress signaling in Arabidopsis (Ishitani et al., 1 998). 
In this case the luciferase gene was fused to RD29A, 
a cold-inducible gene, and mutagenized transgenic 
plants containing this DNA construct were screened 
for higher than wild-type levels of bioluminescence 
at low temperature (Ishitani et al., 1998). 

6. Isolation of Suppressors or Enhancers 

After interesting mutants have been identified and 



characterized, the mutants themselves can often 
be used as starting strains for second-generation 
mutant screens or selections to identify suppressors 
or enhancers of the original mutant phenotype. As 
the name implies, a suppressor mutation ameliorates 
or masks the phenotype of the original mutation. 
Depending on the nature of the starting mutation, 
suppressors may arise in the same gene as the origi- 
nal mutation (intragenic suppressors) or in unlinked 
genes (extragenic suppressors). Extragenic suppres- 
sors (also known as pseudorevertants) can help to 
identify genes involved in other pathways that can 
bypass the original mutation. In some cases, sup- 
pressor mutations arise in genes that encode proteins 
that physically contact the original mutant protein, 
thereby allowing genetic identification of interacting 
proteins. In contrast, enhancers make the phenotype 
of the original mutation worse or more pronounced. 
Enhancers can be useful in uncovering redundancy 
or overlapping function. 

For mutations conferring light sensitivity, suppres- 
sors can be selected directly for survival under light 
stress conditions. Suppressors of the light-sensitivity 
of a Chlamydomonas psaF mutant included mutants 
affecting LHC assembly, opening the way for a genetic 
dissection of this process (Hippier et al . , 2 000 ). These 
suppressor mutations presumably allow survival of 
the psaF strain by decreasing absorption of light. In 
our laboratory, suppressors of the light sensitivity of 
a zeaxanthin- and lutein-deficient Chlamydomonas 
mutant (Niyogi et al., 1997b) have been selected 
for growth in high light (Baroli and Niyogi, 2000). 
Several suppressors have mutations in the ZE gene 
that restore zeaxanthin accumulation to varying 
levels that are sufficient for photoprotection (Baroli 
et al., 2003). 

D. Reverse Genetics Approaches 

While the forward genetics approach consists of 
mutagenesis, phenotype screening, mutant charac- 
terization, mapping, and eventually gene cloning, 
reverse genetics approaches have been developed 
to study the biological role of genes with known 
sequences but uncharacterized functions. Reverse 
genetics is especially useful for studying gene families 
with overlapping function that could make forward 
genetics difficult, if not impossible (Maes et al., 1 999, 
Pesaresi et al. , 200 1 ). Three main strategies of reverse 
genetics are discussed in this section: RNA interfer- 
ence (RNAi; including antisense, double-stranded 
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RNA (dsRNA) interference, and cosuppression), 
sequence-based screens for mutations in specific 
genes, and gene overexpression. 

1. RNA Interference 

RNAi is the post-transcriptional silencing of genes via 
a cellular mechanism of recognition and degradation 
of specific mRNAs as a result of the expression of a 
double-stranded RNA sharing high sequence identity 
with the targeted gene(s) (reviewed in Matzke et al., 

200 1 ) . The introduced sequence can be expressed in 
either inverse (antisense) or direct (sense) orienta- 
tion. Very efficient silencing is achieved by express- 
ing the introduced sequence as an inverted repeat 
interrupted by an intron, such that splicing results 
in the formation of double-stranded RNA (Smith et 
al., 2000). In addition to the possibility of silencing 
multiple members of a gene family, the silencing of 
gene expression via RNAi strategies is particularly 
useful when a null mutation would be lethal, because 
different antisense lines often show varying levels of 
mRNA depletion. To avoid complications related to 
insertional mutagenesis upon transformation of an 
RNAi construct, it is necessary to analyze multiple 
transgenic lines. 

Antisense Arabidopsis plants affecting nucleus- 
encoded PS I subunits are good examples of the 
utility of the RNAi approach. In recent years, five 
PS I subunits, PSI-N (Haldrup et al., 1999), PSI-H 
(Naver et al., 1999), PSI-K (Jensen et al., 2000 ), PSI- 
F (Haldrup et al., 2000), and PSI-G (Jensen et al., 

2002) have been depleted through either antisense or 
cosuppression techniques. In the cases of PSI-H and 
PSI-F, low protein levels were still detected in the 
plants, suggesting that complete depletion of these 
subunits would be lethal to the plants. Also, besides 
the targeted protein, other PS I subunits were found by 
immunoblotting to be in lower levels as well. PSI-K 
antisense plants had reduced levels of two PS I-associ- 
ated light harvesting proteins (LHCA2 and LHC A3), 
which may affect the light distribution between the 
two photosystems (Jensen et al., 2000 ). PSI-H-, PSI- 
K- and PSI-N-depleted plants appeared normal when 
grown in soil under illumination of 100-120 //mol 
photons nr 2 s _1 , whereas PSI-F-depleted plants had a 
clear, visible stress phenotype (Haldrup et al., 2000 ). 
PSI-H-depleted plants were deficient in NPQ and state 
transition (Lunde et al. , 2 000 ). PSI-G-depleted plants 
appeared normal despite a loss of 40% of PS I due to 
increased efficiency of the remaining PS I (Jensen et 



al., 2002). State transitions in these plants were also 
severely reduced, down to 45% of wild-type levels. 
The amount of LHCI proteins was unchanged, thus 
dismissing the hypothesis that PSI-G is required for 
LHCI docking on PSI (Jensen et al., 2002). 

More directly relevant to light stress, antisense 
plants affecting VDE, LHC proteins CP29 and CP26, 
and 2-CP have been generated recently. Results from 
the characterization of these plants are described 
below in section IV 

2. Isolation of Gene Knockouts 

As the name implies, gene knockout mutations 
generally result in a complete loss of gene function, 
in contrast to RNAi methods. Gene knockout by ho- 
mologous recombination, a widely used approach for 
directed mutagenesis in bacteria, fungi, animals, and 
moss, is not a viable option for mutating the nuclear 
genome of most eukaryotic algae and plants. Instead, 
efficient PCR-based methods have been developed 
for screening large populations of insertion-muta- 
genized Arabidopsis plants for disruptions of specific 
genes (McKinney et al., 1995; Krysan et al., 1996). 
A recent example of insertion screening led to the 
identification of mutants affecting the NPH - Like 1 
(NPL1) gene, which encodes a blue-light photore- 
ceptor (Jarillo et al., 2001; Kagawa et al., 2001 ). To 
bypass the need for PCR screening, sequencing of 
all the insertion sites in mutant populations is well 
underway (Parinov et al., 1999; Tissier et al., 1999), 
and insertion mutations in most Arabidopsis genes 
will be catalogued and available in the near future. 
This resource will enable researchers to assess the 
involvement of candidate genes in various abiotic 
stress responses, including light stress. 

Advances in mutation detection have enabled de- 
velopment of a screening strategy for point mutations 
in a gene of interest (McCallum et al., 2000). Fol- 
lowing EMS mutagenesis, PCR products correspond- 
ing to the gene of interest are amplified from small 
pools of mutagenized plants and then analyzed by 
denaturing HPLC, which can detect single base-pair 
mutations. This approach allows for the isolation of 
nonsense mutations (mutations causing a stop codon ) 
with a knockout phenotype, as well as more subtle 
missense mutations (mutations causing a change in 
the encoded amino acid) that have a partial-loss-of- 
function phenotype. 

In cyanobacteria and chloroplasts, homologous 
recombination is a very effective method to study 
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gene function by reverse genetics and site-directed 
mutagenesis (Rochaix, 1997; Vermaas, 1998). For 
example, in Synechocystis the wild-type psbA2 gene 
encoding D1 was replaced with randomly muta- 
genized psbA alleles that had been generated in vitro 
(Narusaka et al., 1999). Phototolerant mutants were 
identified that, in contrast to the parental strain, did 
not bleach in high light. The mutants did not differ 
from the wild type in the rate of D1 degradation in 
high light, and the enhancement in phototolerance 
was attributed to perturbation of a redox-signaling 
pathway that normally leads to loss of pigmentation 
(Narusaka et al., 1999). 

Plastid transformation protocols were established 
first for Chlamydomonas (Boynton et al., 1988) and 
then adapted for tobacco (Svab and Maliga, 1993). 
Mutagenesis of tobacco chloroplast genes, encod- 
ing subunits of the plastidic NADH dehydrogenase 
(NDH) complex, has been accomplished in several 
laboratories (Burrows etal., 1998; Koferetal., 1998; 
Shikanai etal., 1998; Horvath etal., 2000) in an effort 
to elucidate the biological function of this enigmatic 
complex. Results of these experiments revealed that 
the plastidic NDH complex is dispensable under 
standard laboratory conditions, but when exposed 
to abiotic stresses, such as high light (Endo et al., 
1999), limiting C0 2 (Horvath et al., 2000), or mild 
heat (Sazanov et al., 1998), NDH-deficient plants 
have reduced tolerance compared with wild-type 
plants. In addition, the NDH-deficient plants lack the 
dark increase of Chi fluorescence seen in wild-type 
that is due to reduction of the plastoquinone pool by 
chlororespiration, and there is evidence that the NDH 
complex participates in cyclic electron flow around 
PS I (Joet et al., 2001). 

3. Overexpression 

A third reverse genetics approach to studying a gene 
of uncertain function or significance is to determine 
the phenotype resulting from overexpression of the 
gene. Overexpression is most commonly accomp- 
lished using a strong, constitutive promoter, such as 
the Cauliflower Mosaic Virus 35S promoter. Driving 
gene expression by such a promoter frequently leads 
to high-level, ectopic transcription of the introduced 
gene, and unless there is additional regulation at the 
post-transcriptional level, overexpression of a gene 
usually leads to a gain-of-fimction phenotype. 

Under conditions of abiotic stress, it appears that 
the abundance of a particular enzyme can limit a 



plant’s ability to tolerate stress, and overexpressing 
the enzyme enhances stress tolerance substantially. 
For example, overexpression of a vacuolar Na + /H + 
antiporter in Arabidopsis leads to enhanced salt 
tolerance (Apse et al., 1999), and overexpression 
of glycerol-3-phosphate acyltransferase in tobacco 
confers membrane stabilization and results in re- 
duced photoinhibition during chilling stress (Moon 
et al., 1995). Thus, aside from the practical value 
of enhancing stress tolerance in plants, the overex- 
pression strategy allows one to identify physiological 
bottlenecks in plants experiencing stress. 



IV. Insights into Light Stress Acclimation 

A. The Role of Photoreceptors 

The cellular factors regulating acclimation of plants 
to light stress are largely unknown. The involve- 
ment of plastoquinone or Q A redox regulation has 
been suggested in several studies (Escoubas et al., 
1995; Maxwell et al., 1995; Karpinski et al., 1997), 
implying that light stress perception occurs via the 
photosynthetic apparatus rather than through a spe- 
cific photoreceptor. A number of light-dependent 
phenomena in plants, such as de-etiolation, shade 
avoidance, and phototropism, are mediated by pho- 
toreceptors (Ballare, 1999; Briggs and Huala, 1999; 
Deng and Quail, 1999). The role of specific photo- 
receptors in acclimation of photosynthesis to high 
light has been investigated using several previously 
isolated Arabidopsis mutants (Walters and Horton, 
1995; Walters etal., 1999; Weston et al., 2000). Mea- 
surement of light-dependent changes in the Chi a/b 
ratio and P max showed that acclimation responses to 
high light occurred in the hy4 ( cryl ) mutant, which is 
defective in the CRY1 blue-light photoreceptor, and 
in the phytochrome-related mutants phyA-201 ,phyB- 
1, hyl-1, and hy5-l (Walters et al., 1999). Blue-light 
photoreceptor mutants cryl, cry 2 , and nphl were 
also shown to exhibit normal palisade cell expansion 
and LHC gene downregulation upon acclimation to 
high light (Weston et al., 2000). However, detl-1 
mutants, which are defective in a downstream step 
of phytochrome signal transduction, lacked any evi- 
dence of an acclimation response to different growth 
PFDs and appeared to be constitutively acclimated 
to high light (Walters et al., 1999). This result sug- 
gests that, although phytochrome and cryptochrome 
are not photoreceptors for high light acclimation, 
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the signal transduction pathways for phytochrome 
and acclimation share components such as DET1 
(Walters et al„ 1999). 

A two-component regulatory system in cyano- 
bacteria controls acclimation to light stress and 
nutrient stress (Grossman et al., 2001). By using 
a dual-reporter gene system with the high light 
inducible hliA promoter, mutants in the nblS gene 
were identified that fail to induce the promoter (van 
Waasbergen et al., 2002). The nblS gene encodes a 
sensor histidine kinase that probably senses cellular 
redox state via a bound flavin. The nblS mutants are 
defective in several acclimation responses, including 
the degradation of phycobilisomes to decrease light 
absorption and the induction of high-light-specific 
genes such as psbAII and psbAIII. nblS likely func- 
tions together with a response regulator called nblR 
(Schwarz and Grossman, 1998). Both nblS and nblR 
mutants are sensitive to high light. 

High light avoidance by Arabidopsis chloroplasts 
was recently shown to require the blue light photo- 
receptor gene, NPL1 (also called PHOT2) (Jarillo 
et al., 2001; Kagawa et al., 2001), which encodes 
a phototropin flavoprotein paralog (Sakai et al., 
2001). It was shown by visual tracking (Kagawa et 
al., 2001) and by light transmission through leaves 
(Jarillo et al., 2001) that npll mutant plants do not 
exhibit chloroplast avoidance in response to high 
fluence blue light. On the contrary, the npll mutants 
showed a chloroplast accumulation response instead. 
Upon exposure to high light, npll mutants were 
very susceptible to loss of photosynthetic efficiency 
and photobleaching (Kasahara et al., 2002), clearly 
demonstrating the important photoprotective role of 
chloroplast movement. 

B. Nonphotochemical Quenching 

As introduced in section III , fluorescence screens have 
identified several mutants deficient in NPQ. These 
mutants have confirmed some previous ideas and 
given us new insights into the mechanism and physi- 
ological significance of NPQ during light stress. 

1. The Involvement of Xanthophylls 

The npql mutants of Chlamydomonas and Arabi- 
dopsis have provided genetic evidence that de-ep- 
oxidation of violaxanthin to zeaxanthin is necessary 
for part of the qE component of NPQ (Niyogi et al., 
1997a, 1998). As expected from experiments using 



dithiothreitol as an inhibitor of VDE in many plant 
species, qE was inhibited by 80% in the Arabidopsis 
npql mutant, demonstrating that zeaxanthin is neces- 
sary for most of the qE in vivo (Niyogi et al., 1998). 
NPQ is still induced by high light in the npql mutant, 
but this NPQ is mainly of the ql type and may occur 
in the PS II reaction center rather than in the antenna 
(Bukhov et al., 2001). Transformed tobacco plants 
expressing an antisense VDE cDNA are strongly 
depleted in VDE protein levels (Chang et al., 2000 ). 
Similar to the npql mutants, these antisense plants 
did not have a functional xanthophyll cycle and were 
strongly deficient in qE. In contrast, the Chlamydo- 
monas npql mutant abolished only 25-30% of the 
qE, showing that most of the qE in Chlamydomonas 
does not require violaxanthin de-epoxidation (Niyogi 
et al., 1997a). 

The remaining qE in both Arabidopsis and Chlam- 
ydomonas npql mutants is eliminated when lutein is 
absent (in the npql lut2 and npql lorl double mutants, 
respectively) (Niyogi et al., 1997b, 2001). Because 
of the important structural role of lutein in LHC as- 
sembly and stability, the effect of lutein on qE may be 
indirect. On a molecular level, lutein deficiency may 
alter LHC structure, as evidenced by the change from 
trimeric to monomeric LHC II in native gel analysis 
of lut2 (Lokstein et al., 2002). Alternatively, lutein 
may be able to substitute functionally for zeaxanthin 
in the mechanism of qE, to varying extents in Ara- 
bidopsis and Chlamydomonas. It is conceivable that 
a critical binding site for xanthophylls has different 
affinities for zeaxanthin and lutein in Arabidopsis 
and Chlamydomonas. 

Characterization of the abal ( npq2 ) mutants that 
accumulate zeaxanthin constitutively showed that 
zeaxanthin is not sufficient for qE (Tardy and Havaux, 
1996; Hurry etal., 1997; Niyogi etal., 1998). In the 
mutant, however, qE induction occurs faster and ap- 
pears to depend only on the buildup of a sufficient 
ApH. Thus in the dark-adapted wild type that initially 
lacks zeaxanthin, the rate of qE induction is due to the 
establishment of the ApH and limited by the slower 
de-epoxidation of violaxanth in to zeaxanthin. The 
abal mutant already has zeaxanthin initially, so it 
can establish a higher qE earlier, although the final 
extent is the same as that of the wild type. Similar 
results showing ‘activation’ of qE were obtained in 
wild-type leaves of many plants during a second ac- 
tinic illumination period after zeaxanthin synthesis 
has occurred during an initial illumination (reviewed 
in Horton et al., 1996). Zeaxanthin accumulation in 
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the Chlamydomonas npq2 mutant also resulted in a 
shorter Chi fluorescence lifetime even in low light 
(Holub et al., 2000). Interestingly, transgenic Arabi- 
dopsis plants that overexpress the lycopene e-cyclase 
gene have higher lutein content and also exhibit faster 
induction of qE (Pogson and Rissler, 2000). 

2. The Role of Antenna Proteins 

qE is mainly associated with the Chi antenna of PS II 
(reviewed in Horton et al., 1996). Mutants lacking Chi 
b are unable to accumulate certain LHC antenna pro- 
teins, and these mutants have been used extensively 
in efforts to identify which LHC proteins are neces- 
sary for qE. The peripheral antenna proteins of PS II 
include the major LHC II proteins Lhcbl , Lhcb2, and 
Lhcb3 that form trimers and the minor LHC II pro- 
teins CP29, CP26, and CP24 (encoded by the Lhcb4, 
Lhcb5, and Lhcb6 genes, respectively) that are more 
closely associated with the reaction center (Jansson, 
1999). The best studied Chi b mutant is the barley 
chlorina f2 mutant, which has no Clil b but is still 
capable of developing at least some qE (Lokstein et 
al., 1993; Briantais, 1994; Falketal., 1994; Andrews 
etal., 1995; Gilmore etal., 1996; Hartel etal., 1996). 
Through the use of specific antibodies, chlorina f2 
was shown to lack Lhcbl and CP24 completely and 
to have very little CP29 and decreased amounts of 
Lhcb2 and Lhcb3 (Krol et al., 1995; Bossmann et 
al., 1997 ). On the contrary CP26, Lhca proteins, and 
PsbS are not affected in this mutant (Bossmann et 
al., 1997). Based on these results, it is unlikely that 
the site of qE is the trimeric LHCII or the minor 
protein CP24. Additional studies with plants grown 
in intermittent light (to reduce LHC protein content 
further) implicated the CP26 protein in qE, because 
it appeared to be the only stable antenna protein in 
these plants, yet the plants still exhibited qE (Jahns 
and Krause, 1994; Jahns and Schweig, 1995). Both 
CP29 and CP26 were also shown to bind dicyclo- 
hexylcarbodiimide, an inhibitor of qE (Walters et 
al., 1994; Walters et al., 1996; Pesaresi et al., 1997), 
and the levels of these proteins are diminished in 
chloroplast psbZ knockout mutants of tobacco that 
have altered qE (Swiatek et al., 2001). 

To test the requirement of CP29 and CP26 for qE, 
the expression of these proteins was suppressed by 
antisense in transgenic Arabidopsis plants ( Anders- 
son et al., 2001). In the CP26 antisense plants, the 
level of the protein was lowered below the limit of 
detection (by immunoblotting ). In the CP29 antisense 



plants, the level of CP29 was less than 5% of wild- 
type levels, and the level of CP24 was also lowered, 
implying a physical interaction between CP29 and 
CP24. The dramatic inhibition of CP29 expression 
was achieved despite the fact that Arabidopsis has 
three similar but nonidentical genes encoding this 
protein, thus demonstrating the power of the antisense 
approach for reverse genetics of a small gene family. 
In contrast to the strong reduction in protein levels in 
both CP29 and CP26 antisense plants, qE was only 
slightly affected with small changes in the capacity 
for quenching and in its induction kinetics. These 
results suggest that CP29 and CP26 are not necessary 
for qE (Andersson et al., 2001 ), although it remains 
formally possible that they have a (dispensable) role 
in qE in the wild type. 

Molecular characterization of the Arabidopsis npq4 
mutant revealed that the PsbS subunit of PS II is es- 
sential for qE (Li et al., 2000). PsbS is a member of 
the LHC protein superfamily that might bind Chi and 
xanthophylls (Funk et al . , 1 995), but it has four trans- 
membrane domains rather than three as found in the 
typical LHC antenna proteins (Kim etal., 1994). The 
psbS gene was deleted in the npq4-l mutant as a result 
of fast neutron mutagenesis, whereas several other 
alleles of npq4, each having single EMS-induced 
missense mutations caused amino acid substitutions 
in the resulting PsbS proteins. In some of these point 
mutants, the level of the protein is affected, whereas 
in others it is present at wild-type levels but is appar- 
ently nonfunctional. Altered electrophoretic mobility 
of the PsbS protein was detected in the npq4-9 mutant 
(Peterson and Havir, 2001). Interestingly, npq4-l has 
a semidominant phenotype, even though it is clearly 
a loss-of-fimction mutation. In heterozygous npq4- 
1/+ plants, the amount of /wAS'mRNA, PsbS protein, 
and qE are all reduced by approximately 50-60% 
(Li et al, 2002a). Overexpression of PsbS resulted in 
higher levels of qE (Li et al., 2002b). These results 
demonstrated a gene dosage effect for psbS, and they 
showed that the stoichiometry of the PsbS protein per 
PS II could be highly variable. Furthermore, the level 
of psbS gene expression is an important determinant 
of qE capacity, suggesting that environmental and 
species-dependent difference in qE capacity could 
be due to differences in psbS expression. 

Despite the complete absence of PsbS protein in the 
npq4-l deletion mutant, the levels of other PS II LHC 
proteins were normal (Li et al., 2000). The structural 
organization of LHC proteins in the PS II supercom- 
plex (Boekemaetal., 1995) of the «/?</-/-/ mutant ap- 
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pears to be normal (Yakushevska et al . , 200 1 ), and the 
F v /F m (variable/maximal Chi fluorescence ratio) and 
apparent quantum yield of 0 2 evolution were also the 
same as in the wild type, suggesting that light harvest- 
ing is not significantly affected in the mutant (Li et al . , 
2000). Along with the qE defect, npq4-l plants lack 
a high-light-induced absorbance change at 535 nm 
that is associated with qE. Using the npq4-l mutant 
as a reference in resonance Raman spectroscopic 
experiments, the absorbance change was attributed 
to a ApH-dependent change in the absorbance of one 
or two zeaxanthin molecules per PS II (Ruban et al., 
2002). The npq4-l mutant also lacks characteristic 
changes in Chi fluorescence lifetime distributions 
that normally occur during qE, consistent with the 
idea that the quenched state cannot be formed in the 
absence of PsbS (Li et al., 2002a). 

Based on the above-described results, it is possible 
that PsbS is the site of H + and zeaxanthin binding 
for qE. Consistent with this hypothesis, PsbS has 
been shown to bind the qE inhibitor dicyclohexyl- 
carbodiimide, which reacts with proton-active amino 
acidresidues (Dominicietal.,2002). By site -directed 
mutagenesis of the psbS gene in vitro, transforming 
mutants into the npq4-l deletion mutant, and then 
testing their function in vivo, it was shown that two 
glutamate residues on the predicted lumen-facing side 
of PsbS are essential for its function (Li et al., 2002c). 
Isolated PsbS was also shown to bind zeaxanthin, and 
the absorbance change at 535 nm could be reconsti- 
tuted in vitro (Aspinall-O’Dea et al., 2002). 

The Chlamydomonas npq5 mutant has very little 
qE, but it is not affected in pigment conversion, pho- 
tochemical efficiency, or state transitions (Elrad et al., 
2002). The mutation causing this phenotype affects a 
gene coding for one of the ten major light harvesting 
proteins, Lhcbml . Since the mutation seems to affect 
qE specifically, it is possible that Chlamydomonas 
Lhcbml might perform the role that PsbS has in 
plants. This example shows how important it is to 
study different species before extrapolating from one 
organism to another (Govindjee, 2002). 

3. Possible Mechanisms 

The use of mutants in combination with biophysical, 
biochemical, and physiological methods has helped 
to shape our picture of the possible mechanism of qE 
(Horton et al., 1994; Gilmore, 1997; Gilmore et al., 
1998; Muller et al., 200 1 ). Figure 3 shows a schematic 
model for qE. Upon illumination of photosynthetic 



cells (unquenched state, Fig. 3A) with excess light, 
an increase in the magnitude of the ApH across the 
thylakoid membrane lowers the lumen pH to <6.0, 
which activates the VDE enzyme and results in the 
protonation of one or more PS II proteins, most likely 
PsbS being one of them (Fig. 3B ). Cyclic electron 
flow around PS I appears to play an important role 
in generating the ApH (Munekage et al., 2002). The 
protonation in combination with binding of zea- 
xanthin, antheraxanthin, or possibly lutein to PsbS 
results in the absorbance change at 535 nm (Aspi- 
nall-O’Dea et al., 2002). In this state, nonradiative 
de-excitation of ‘Chi* is favored, and it competes 
effectively with the trapping of excitation energy 
by the reaction center (Fig. 3C). As more and more 
zeaxanthin is formed by de-epoxidation, more PS II 
units are converted into the quenched state, and qE 
increases further until a maximum extent is reached. 
The maximum extent of qE seems to be related to the 
level of PsbS expression (Li et al., 2002a, b). When 
the light intensity decreases back to limiting levels, 
the magnitude of the ApH declines, and qE relaxes 
due to de-protonation of PsbS (and possibly other 
PS II proteins ). The re-epoxidation of zeaxanthin to 
violaxanthin is slower than the relaxation of qE, and 
therefore zeaxanthin can still be found for a while in 
low light without qE (Fig. 3D). 

A key issue concerns the role of zeaxanthin in the 
actual biophysical mechanism of ‘Chi* de-excita- 
tion during qE. Zeaxanthin has been suggested to 
be an allosteric factor whose binding is necessary 
for a conformational change to occur that facilitates 
internal conversion of ‘Chi* (Horton et al., 1996, 
2000). Based on the strong correlations between qE 
and zeaxanthin in plants, it has also been suggested 
that 1 Chi* de -excitation might involve a direct energy 
transfer from Chi to zeaxanthin (Demmig- Adams, 
1990). Zeaxanthin would become excited to its first 
excited singlet state (Sj), which decays rapidly to 
the ground state by nonradiative dissipation. Using 
thylakoids in a quenched or unquenched state from 
various Ambidopsis mutants and transgenics, S! ex- 
citation of a carotenoid, most likely zeaxanthin, was 
detected specifically in the quenched state following 
excitation of Chi (Ma et al., 2003). Although it was 
suggested that a difference in the energy levels of 
the S, states of zeaxanthin and violaxanthin might 
be sufficient to explain their differential function in 
qE (Chow, 1994; Frank et al., 1994; Owens, 1994), 
more recently it has been found that both zeaxanthin 
and violaxanthin S[ states are theoretically capable of 
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Fig. 3. A schematic model forqE. (A) In limiting light or darkness, 
no quenching occurs. (B) In high light, proton binding to PsbS (and 
possibly other PS II proteins) occurs. (C) A quenching complex 
with a different conformation (measurable as AA535) is formed 
when both zeaxanthin and protons are bound to PsbS, reducing 
the Chi fluorescence lifetime and resulting in qE. Conversion of 
violaxanthin to zeaxanthin occurs more slowly than protonation. 
(D) When the light stress has ended, de-protonation occurs rap- 
idly, whereas the epoxidation of zeaxanthin to violaxanthin is 
slower. Modified from Muller ct al. (2001). VDE, violaxanthin 
de-epoxidase; ZE, zeaxanthin epoxidase 



accepting excitation energy from ‘Chi* (Polivka et al., 
1999; Frank et al., 2000). Therefore, if excitation of 
zeaxanthin is involved, then differences in the binding 
of zeaxanthin and violaxanthin to the qE site may be 
critical. For example, differences in binding affinity, 
orientation, and/or distance from a donor Chi could 
result in differential energy transfer from ‘Chi* to an 
acceptor xanthophyll. In this context, it is interesting 
to note that violaxanthin binding to PsbS in vitro did 
not occur under the conditions used successfully to 
demonstrate zeaxanthin binding (Aspinall-O’Dea 
et al., 2002). 

4. Physiological Significance of qE 

qE is a ubiquitous response of most eukaryotic pho- 
tosynthetic organisms to light stress, so presumably 
it must have an important physiological role. Because 
the A mbidopsis npq4 mutants specifically lack qE but 
have normal pigment composition, these mutants are 



ideal experimental tools to assess the importance of 
qE in vivo. Investigations that have relied on the use 
of dithiothreitol (Winter and Koniger, 1989; Bilger 
and Bjdrkman, 1990; Demmig-Adams et al., 1990), 
npql mutations (Niyogi et al., 1998), or VDE anti- 
sense (Chang et al., 2000; Sun et al., 200 1 ; Verhoeven 
et al., 2001) to inhibit VDE are complicated by the 
inhibition of both the xanthophyll cycle and qE. As 
described in the next section, xanthophylls such as 
zeaxanthin also have other important photoprotective 
functions besides qE. 

Based on studies with npq4 mutants, qE is impor- 
tant in protecting Ambidopsis from photoinhibition 
that is induced by short-term light stress (GraBes 
et al., 2002; Kiilheim et al., 2002; Li et al., 2002b). 
For example, when plants were grown in low light 
(150 //mol photons m 2 s~‘ ) and exposed to high light 
(1,500 //mol photons nr 2 s _l ) for 4 hours, npq4 mu- 
tants exhibited significantly greater declines in F v /F m 
and the apparent quantum yield of 0 2 evolution than 
the wild type (Fig. 4). During a subsequent 4-hour 
recovery period in low light, recovery of F/F m in npq4 
and wild type occurred at the same rate, but the npq4 
mutant did not recover to the same F v /F m value as the 
wild type. After an overnight dark period, however, 
F v /F m of npq4 and wild type were indistinguishable. 
PsbS-overexpressing plants with higher qE capacity 
were more resistant to short-term light stress than the 
wild type (Li et al., 2002b). qE is important not only 
in high light per se, but also in natural or artificial 
environments in which rapid fluctuations in light 
intensity occur (Kiilheim et al., 2002). Under these 
conditions, npq4 mutants suffered a significant loss 
of plant fitness, measured as lifetime seed production 
(Kiilheim et al., 2002). 

However, qE is not necessary for photoprotection 
during longer-term light stress in the laboratory. 
After 2-3 days in high light, npq4 mutants exhibited 
acclimation to the light stress, and F/F m and lipid 
peroxidation were the same in npq4 and wild-type 
plants (Havaux and Niyogi, 1999). The same results 
were obtained by growing npq4 and wild-type plants 
in high light for several weeks (T. Golan, P. Muller- 
Moule and K.K.Niyogi, unpublished), suggesting 
that Ambidopsis plants can acclimate to high light in 
the absence of qE, at least under relatively constant 
conditions and without additional abiotic stresses. 
Similarly, Chlamydomonas VHL R mutants that are 
derived from the psbA-A251L strain lack qE despite 
the presence of de-epoxidized xanthophylls, yet they 
can survive in high light (Forster et al., 1 999, 2001 ). 
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Fig. 4. Photosynthetic efficiency before, during, and after high 
light treatment o fArabidopsis wild-type and npq4 mutant plants. 
Plants were grown in low light (LL. low light, 1 50 //mol photons 
m 2 s 1 ), treated with high light (HL, high light, 1,700 //mol pho- 
tons nv 2 s *) for 4 h, and allowed to recover in LL for 4 h. ( A) 
Maximum quantum efficiency of PS II (calculated as the ratio 
of variable to maximal Chi fluorescence, F v /F m ), measured after 
15 min dark adaptation. F v /F m data are shown as means ± SE 
(n ;> 12). (B) Apparent quantum yield of0 2 evolution ((J)0 2 ). For 
0 2 evolution measurements, seven leaf discs from seven different 
plants were used for each experiment. Data are from four to six 
independent experiments and are presented as means ± SE. R, 
recovery in low light. 

Identification of the affected genes in these VHL R 
mutants and comparison of high light acclimation 
in npq4 and wild-type plants may uncover specific 
photoprotective processes that allow for acclimation 
to light stress in the absence of qE. 

The view that emerges from the initial experiments 
with mutants is that qE is just one of many processes 
involved in acclimation of plants to high light. The 
physiological importance of qE during short-term 
light stress is consistent with its rapid induction 



and relaxation by changes in thylakoid lumen pH. 
During acclimation to high light over a period of 
several days, increases in antioxidant levels and the 
capacity for utilization of absorbed light energy may 
make qE less important in the long term. High light 
grown Arabidopsis plants exhibit high P max and PS 
II electron transport rate, but relatively low qE, con- 
sistent with much greater photochemical quenching 
of excitation energy (Fig. 5). When light utilization 
is limited by additional environmental stresses, how- 
ever, qE and other NPQ mechanisms are likely to be 
critical for photoprotection. Studies done in the field 
with a variety of plants (different species rather than 
mutants) have documented the sustained engagement 
of NPQ, especially in adverse conditions like cold 
temperatures in the winter (Demmig- Adams et al., 
1999). Physiological and ecological aspects of NPQ 
are covered in detail in the chapters by Adams and 
Demmig-Adams, Gilmore, Cavender-Bares and 
Bazzaz. 

C. Antioxidants 
1. Xanthophyll Mutants 

Xanthophylls are major antioxidants in thylakoid 
membranes, where they function not only in NPQ 
but also as quenchers of 3 Chl and ’0 2 * (reviewed 
in Baroli and Niyogi, 2000). The essential role 
of carotenoids in preventing photo-oxidative cell 
death was first demonstrated with purple bacterial 
mutants that completely lack carotenoids (Griffiths 
et al., 1955). Much recent research has been directed 
towards elucidating the functions and significance of 
specific xanthophylls. 

Accumulation of either zeaxanthin or lutein is 
necessary for protection of Chlamydomonos cells 
from photo-oxidative damage. The npql lor l double 
mutant of Chlamydomonos , which is deficient in 
synthesis of both zeaxanthin (via the xanthophyll 
cycle) and lutein, grows normally in low light but 
undergoes photo-oxidative bleaching and cell death 
in PFDs >400 //mol photons m 2 s _1 (Niyogi et al., 
1997b). In contrast, neither single mutant is nearly 
as susceptible to photo-oxidation. The npql tori 
phenotype is not due to a lack of qE, because other 
npq mutants that have normal pigment composition 
are not sensitive to high light (Niyogi et al., 1997b; 
Niyogi, 1999). Therefore, zeaxanthin and lutein must 
have important photoprotective functions that cannot 
be performed by violaxanthin and neoxanthin. This 
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Fig. 5. Photosynthetic parameters of Arabidopsis wild-type plants 
(Col-0) grown in low light (LL, low light, 1 80 //mol photons m 2 
s *) or high light (HL, high light, 1,800 //mol photons m 2 s '). 
(A) Light-saturated rate of oxygen evolution (P max ). (B) Light 
response curves for the rate of PS II electron transport (ETR). (C) 
Light response curves for nonphotochemical quenching (NPQ) 
of Chi fluorescence. The greater photochemical utilization of 
light energy by plants acclimated to HL means that they do not 
experience as much excess light at a given high PFD as the LL 
plants. Therefore, the plants grown in HL have lower NPQ than 
the plants grown in LL. 



conclusion is supported by characterization of the 
analogous npql lut2 double mutant of Arabidopsis, 
which is also more sensitive to high light than the 
wild type (Niyogi et al., 2001). In the Arabidopsis 
double mutant, however, photo-oxidation in high light 
is limited to mature leaves that had developed in low 
light. Leaves that expanded after transfer from low 
light to high light were able to acclimate to the light 
stress, even in the absence of zeaxanthin and lutein 
(Niyogi et al., 2001). 

Accumulation of zeaxanthin is sufficient for protec- 
tion of Chlamydomonas cells against photo-oxidative 
stress. By selecting for suppressors of the high light 
sensitivity of npql lorl , several new mutations af- 
fecting ZE activity were identified that prevent lipid 
peroxidation in the npql lorl background (Baroli 
et al., 2003). These suppressors accumulate varying 
levels of zeaxanthin, suggesting that even relatively 
low levels of zeaxanthin can protect against photo- 
oxidation. The accumulation of zeaxanthin also pro- 
tected Chlamydomonas cells against the lethal effects 
of '0 2 * generated by an exogenous photosensitizer. 
It is possible that zeaxanthin is a better scavenger 
of '0 2 * in chloroplast membranes than violaxanthin 
and neoxanthin. 

Further evidence for an additional photoprotec- 
tive role of zeaxanthin comes from comparison of 
the Arabidopsis npq4 and npq4 npql mutants. Both 
these mutants lack qE, but only the npq4 npql double 
mutant is also defective in the xanthophyll cycle. Af- 
ter 3 days in high light, the double mutant had lower 
F v /F m and higher levels of lipid peroxidation than the 
npq4 single mutant or the wild type, demonstrating 
clearly that the de-epoxidation of violaxanthin to 
zeaxanthin is necessary for more than just qE (Havaux 
and Niyogi, 1999). Thylakoids from mature leaves 
of npql mutants are also more susceptible to oxida- 
tion induced by an exogenous ‘CL* photosensitizer, 
showing that the protective effect of zeaxanthin is 
not limited to ‘0 2 * that is generated within the pho- 
tosynthetic apparatus (Havaux et al., 2000). 

Overexpression of the (3-carotene hydroxylase 
gene in Arabidopsis resulted in a doubling of both 
the xanthophyll cycle pool size and the amount of 
zeaxanthin that accumulated in high light (Davison 
et al., 2002). This increase in zeaxanthin led to im- 
proved tolerance of combined high light and high 
temperature, probably due to a protective effect of 
zeaxanthin against oxidative membrane damage 
(Davison et al., 2002). 
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2. Ascorbate Mutants 

Another important antioxidant is ascorbate, which is 
found in high concentrations in the aqueous compart- 
ments of chloroplasts. Ascorbate participates in sev- 
eral important antioxidant reactions in chloroplasts, 
including the ascorbate-glutathione cycle, the xantho- 
phyll cycle, the water-water cycle, and reduction of 
H 2 0 2 , tocopherol radicals, and lipid hydroperoxides 
(Smirnoff, 2000; Conklin, 2001). The Ambidopsis 
vtc mutants, which are ascorbate-deficient, also have 
reduced zeaxanthin-dependent qE due to a limitation 
of ascorbate, a cosubstrate ofVDE (Smirnoff, 2000; 
Miiller-Moule et al., 2002). The vtc mutants are also 
more sensitive to several different kinds of oxidative 
stresses like ozone, UV-B, high light (Smirnoff, 2000 ), 
or water-stress (Munne-Bosch and Alegre, 2002). 
Foliar ascorbate concentrations normally increase 
substantially during acclimation to high light, and vtc 
mutants show much more extensive bleaching when 
transferred to high light compared to the wild type 
or any previously characterized mutants affecting 
qE and/or xanthophylls (Miiller-Moule et al., 2001). 
These results highlight the critical role of ascorbate 
in acclimation of plants to light stress. 

3. 2-Cysteine Peroxiredoxin Antisense Plants 

Chloroplast 2-CP belongs to a ubiquitous group of 
enzymes, alkyl hydroperoxide reductases, which 
reduce toxic alkyl hydroperoxides to the corres- 
ponding alcohols (Baier and Dietz, 1999a; Dietz 
et al., 2002). Inactivation of 2-CP in Synechocystis 
by homologous recombination (Klughammer et al., 
1998) or in Ambidopsis by antisense (Baier and 
Dietz, 1999b) resulted in increased stress sensitiv- 
ity. The Ambidopsis 2-CP antisense plants showed 
impaired photosynthesis and a lower quantum yield 
of photosynthesis, but the antisense effect diminished 
during plant development, with the plants eventually 
accumulating wild-type levels of 2-CP (Baier and 
Dietz, 1999b). The reduction in 2-CP levels also 
caused a higher oxidation state of the ascorbate pool 
and a compensatory increase in thylakoid and stromal 
APX activities (Baier et al., 2000). Expression of 
genes encoding glutathione-dependent enzymes was, 
however, largely unaffected. These results show that 
2-C P is an important part of the antioxidant defense 
network, but that different parts of the network are 
not necessarily coupled together. 



4. Overexpression of Antioxidant Enzymes 

Transgenic plants that overexpress antioxidant en- 
zymes have been used to study antioxidant defenses 
(reviewed in Foyer et al., 1994; Allen et al., 1997), 
often with the goal of generating plants that are more 
stress tolerant. This strategy has worked in some, but 
not all cases. For example, overproduction of APX 
in tobacco chloroplasts did not provide protection 
against ozone (Torsethaugen et al., 1997). On the 
other hand, overexpression of the Ambidopsis gene 
encoding peroxisomal APX3 in tobacco increased 
protection against oxidative stress caused by ami- 
notriazole, which inhibits catalase and therefore 
causes accumulation of H 2 0 2 in glyoxysomes and 
peroxisomes (Wang et al., 1 999). The plants however 
did not show an increased resistance against para- 
quat-induced production of ROS in the chloroplast. 
This shows that the protection provided by APX3 is 
specific only to peroxisomes and not to chloroplasts. 
This example illustrates the complexity of the anti- 
oxidant system and why different results might have 
been obtained for different experiments. The effects 
of transgenic experiments are affected by several 
factors: The kind of gene transferred, the location 
of the gene product within the cell, the effect of its 
expression on the expression of other genes, the 
concentrations of other enzymes and substrates in 
the cell, and the rate-limiting step(s) of the reactive 
oxygen scavenging system. 

In summary, one can generalize that the increased 
expression of SOD, APX, and glutathione reductase 
leads to increased photo-oxidative stress tolerance 
(for an overview, see Table 1 in Allen etal., 1997). In 
particular, enzymes that were targeted to the chloro- 
plast were effective in preventing photoinhibition in 
high light. Experiments with a number of plant species 
have shown that overexpression of SOD (mainly chlo- 
roplast-targeted) provides extra protection against 
0 2 generating herbicides (Sen Gupta et al., 1993; 
Aono et al., 1995; Van Camp et al., 1996; Allen et 
al., 1997) and enhances photosynthetic performance 
in low-temperature and high light (McKersie et al., 
1993, 1996; Allen etal., 1997; Payton etal., 1997). 
Similarly, enhanced tolerance to oxidative stress has 
been shown with plants overexpressing enzymes of 
the glutathione and ascorbate antioxidant pathways 
(Allen et al., 1997; Roxas et al., 1997b). Plants over- 
expressing glutathione reductase or a combination of 
glutathione S -transferase and glutathione peroxidase 
showed higher tolerance of chemically or environ- 
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mentally induced oxidative stress (Aono etal., 1993; 
Roxas et al., 1997a). 



V. Genomics and the Future 

In the last decade, plant research has moved rapidly 
into the genome era. In addition to the availability 
of fully sequenced genomes of photosynthetic organ- 
isms, new technologies allow for high-throughput 
analysis of genes, transcripts, and proteins on a ge- 
nome-wide scale. The most commonly used genom- 
ics approaches are the transcriptome (total mRNA 
population in a cell under a given set of conditions) 
analysis using cDNA microarrays and the proteome 
(total protein population in a cell or a cellular com- 
partment) analysis using a combination of two-di- 
mensional electrophoresis and mass spectrometry. 
Several reviews have been written already about the 
application of genomics to plant research, including 
stress physiology and photosynthesis (Bouchez and 
Hofte, 1998; Cushman and Bohnert, 2000; Richmond 
and Somerville, 2000; van Wijk, 2000; Dent et al., 
2001; Pesaresi et al. , 200 1 ). We therefore provide here 
only a short discussion of recent progress. 

The use of cDNA microarray analysis has revealed 
substantial changes in gene expression as a response 
to light stress. In mature rosette leaves o fArabidopsis, 
a total of 185 genes (out of > 6,000 genes examined) 
exhibited at least a two-fold change in mRNA expres- 
sion level after 1 h exposure to high light (Rossel 
et al., 2002). Genes involved in ROS scavenging, 
phenylpropanoid biosynthesis, and heat shock/chap- 
erone functions were among the 45 genes induced by 
high light, along with numerous genes of unknown 
function. Induction of heat shock/chaperone genes 
was attributed to the light stress rather than to the 
accompanying increase in leaf temperature. The 140 
genes that were repressed in high light included the 
gene encoding VDE, but the majority was of unknown 
function. Filtering of the infrared component of the 
high light source lowered the number of differentially 
expressed genes to 125, but surprisingly only 66 of 
these overlapped with the set of 185 genes affected 
by high light alone (Rossel et al., 2002). 

A similar experiment performed with 10-day-old 
Arabidopsis seedlings revealed that 1 10 genes were 
induced and 30 genes were repressed (out of 7,000 
genes on the microarray) by high light that had been 
filtered to remove the infrared and UV (Kimura et al., 
2003). Similar to the results of Rossel et al. (2002), 



the induced genes included several involved in ROS 
scavenging and phenylpropanoid biosynthesis. Two- 
thirds of the genes induced by high light were also 
found to be upregulated by drought stress . About half 
of the repressed genes function in photosynthesis 
(Kimura et al., 2003). 

Analysis of expression changes during acclimation 
of Synechocystis to high light also revealed coordi- 
nate regulation of various gene groups (Hihara et al., 
2001). Many gene groups followed a characteristic 
temporal pattern of expression: a sharp initial up- or 
downregulation upon exposure to high light, followed 
by a gradual return to normal levels. Phycobilisome- 
encoding genes were strongly downregulated, as well 
as most of the PS I genes. Only a subset of PS II genes 
showed upregulation, and while most NDH-encod- 
ing genes showed a sharp upregulation during the 
initial treatment phase, some remained unchanged 
throughout. This observation implies a change in 
the functional regulation of the PS II and the NDH 
protein complexes. Interestingly, genes encoding 
the ATP synthase complex showed a steady increase 
throughout the treatment, which would be consistent 
with acclimation of the photosynthetic capacity to 
use the higher light levels. As expected, heat shock 
and DNA repair genes also showed upregulation in 
response to the high light treatment. Most importantly, 
this experiment identified also a large number of 
hypothetical genes that responded strongly to high 
light. Characterization of these genes could reveal 
novel photoprotection mechanisms or provide new 
insights into currently known ones. 

Although transcriptome analysis provides a good 
start for studying gene expression responses to 
changes in the light environment, it reveals an incom- 
plete picture of the cellular and organellar responses. 
Proteome analysis offers a more direct view of the 
actual results of gene expression. Not only the identi- 
ties and relative levels of proteins can be analyzed, 
but subcellular localization and post-translational 
modifications as well. Unlike transcriptome analysis, 
the total proteome can be subdivided according to cel- 
lular localization. Whereas sequence or transcription 
pattern alone often fails to assign a function to un- 
known genes, identification of unknown proteins in a 
characterized cellular fraction could provide the basis 
for an initial hypothesis regarding its function. 

The chloroplast proteome is naturally of particular 
interest to photosynthesis researchers. The chloro- 
plast is thought to contain 10-25% of the total cell 
proteome (van Wijk, 2000), part of which is encoded 
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by the chloroplast genome. The chloroplast proteome 
can also be subdivided according to compartments, 
the main ones being the outer and inner membranes, 
the stroma, the thylakoid membrane and the lumen. 
Analyses of the lumenal proteomes of both pea 
(Peltier et al., 2000) and Arabidopsis (Kieselbach et 
al., 2000, Schubert et al., 2002) give an initial char- 
acterization of the functional distribution of proteins 
in this compartment. The pea lumenal proteome is 
estimated to consist of approximately 230 soluble 
and peripheral proteins (Peltier et al., 2000). Of 58 
proteins that were identified, 23% are involved in en- 
ergy production and metabolism, 26% have functions 
related to protein localization, transcription/replica- 
tion, and growth and division, 3% were assigned a 
defense function, and 48% were of unknown func- 
tion. This supports the view that the thylakoid is not 
only the site of photosynthetic light reactions, but it 
is also responsible for a number of other chloroplast 
functions. Within the limited group of analyzed pro- 
teins, only one protein (a putative APX) is involved 
specifically in photoprotection and RO S metabolism. 
As more proteins are identified it will become pos- 
sible to predict the proportion of the proteome that 
is dedicated to photoprotection. 

Although mass spectrometry is most commonly 
used for the identification of proteins separated on a 
gel, it can also be effectively used to identify covalent 
modifications of those proteins. For example, Gomez 
et al. (2002) showed that the spinach PsbH protein 
becomes phosphorylated in two sites, rather than one, 
in response to light. This finding prompts reconsid- 
eration of the possible role of PsbH phosphorylation 
in state transitions. 

Genome -scale study of photosynthesis and photo- 
protection is still in its earliest phases, but it is rapidly 
moving forward. In the near future we can expect that 
more genes with involvement in acclimation to light 
stress will be identified, for example, by transcriptome 
comparisons of light-stress mutants or transgenics 
with wild type. Functional studies of these genes 
will include reverse genetics approaches, as well as 
biochemical characterization using high-throughput 
analysis of proteins and metabolites. Ongoing efforts 
of many photosynthesis research groups in combi- 
nation with the Arabidopsis 2010 project, which is 
aiming to assign a function to each of the more than 
25, 1 000 Arabidopsis genes (Cliory et al., 2000), would 
enhance this progress even more. 
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Summary 

This chapter outlines current views of the ecophysiology, biophysical theory and time-resolved chlorophyll 
fluorescence methods pertaining to the study of the acclimation of photosynthetic organisms to excess light 
stress. The chapter’s theme and content are structured around the integrated framework of a ‘four point’ plan 
describing acclimation of plants to environmental limitations to photosynthetic productivity. This plan in- 
cludes: 1) ‘down-regulation’ of delivery of excess light to reaction centers from the antenna, 2) ‘down-sizing’ 
of the antenna to reaction center ratio to reduce excess light absorption, 3) ‘increased productivity’ as feed 
forward stimulation of the photosynthetic capacity to utilize absorbed light and finally, 4) reorganization and 
or permanent or seasonal liquidation of reaction center and antenna protein-pigment components. The chap- 
ter outlines the current views of each phase of the plan with respect to biophysical theory and experimental 
results. Both time-domain and frequency-domain global statistical analysis methods for fluorescence lifetime 
distributions are presented. Recent advances are described including three exemplary applications, namely, 
(1) light-harvesting and energy transfer between light-harvesting complex (LHC ) lib and the Photosystem 
(PS) II core, (2) energy -dissipation in PS II as mediated by the PsbS protein, intrathylakoid acidification and 
the xanthophyll cycle and (3) changes in the chlorophyll a fluorescence lifetime distributions, xanthophyll 
cycle and PS II quantum efficiency associated with deacclimation from winter photosynthetic depression in 
an evergreen Eucalyptus species. Finally, plans for future achievements and increased understanding of excess 
light acclimation and its measurement and analysis with chlorophyll a fluorescence are described. 



I. Introduction 

A. Adjustments to the Photosynthetic Appara- 
tus under Excess Light Stress 

For the purpose of introducing and structuring the 
content of this chapter, the structure and function 
of the photosynthetic apparatus is briefly described. 
Light energy is absorbed by the antenna pigment- 
protein complexes, then transferred to the reaction 
center protein complexes where it is converted into 
electrical energy that can then be used to derive 

Abbreviations: A - antheraxanthm; Chi a, b- chlorophyll a s b; 
CPX - chlorophyll-binding protein of PS II inner antenna of 
molecular mass X; DCMU - 3-(3 ,4-dichlorophenyl)- 1 , 1 -dimethyl- 
urea; DTT - dithiothreitol; F(') m - maximal PS II Chi a fluores- 
cence intensity with all Q A reduced in the absence (presence) of 
intrathylakoid acidification; F 0 - minimal PS II Chi a fluorescence 
intensity with all Q A oxidized in the absence of intrathylakoid 
acidification; F s - steady state PS II Chi a fluorescence intensity in 
the presence of actinic light with uninhibited PS II photochemistry 
and intrathylakoid acidification; F v : F rn F 0 - variable level of 
PS II Chi a fluorescence; f x fractional intensity of fluorescence 
lifetime component x; K a - equilibrium binding (association) con- 
stant between Zeaxanthin (or Antheraxanthm) and one PS II unit; 
LHC - light-harvesting complex; LHCIIb -main light harvesting 
pigment-protein complex (of PS II); PsbS or, CP22 - chlorophyll 
protein complex of 22 kDa molecular mass encoded by the psbS 
gene; PS I (II) Photo system I (II); Q A -primary quinone electron 
acceptor of PS II; V - violaxanthin; VAZ - summed concentration 
of the xanthophyll cycle pigments; Z - zeaxanthin; ApH - trans- 
thylakoid membrane proton gradient; t x - fluorescence lifetime 
of component x, in ns 



chemical energy needed for the growth and mainte- 
nance of the photosynthetic organism (Bjorkman and 
Demmig-Adams, 1994; Whitmarsh and Govindjee, 
1995; Baker, 1 996). Two main factors, namely, supply 
of light to the reaction centers and demand of energy 
from the reaction centers must be carefully balanced 
and regulated. Under normal operating conditions, the 
supply factor, which comprises light energy absorp- 
tion and light-driven charge separation, is controlled 
by regulating both the absorbance cross section 
(antenna size) and thermal dissipative processes of 
the antenna. The energy demand is determined by 
the capacity to use the absorbed light for productive 
photochemistry and is ideally matched to and tightly 
regulated by the available light supply. However, it 
is often the case that environmental conditions im- 
pose restrictions on the photosynthetic capacity or 
efficiency ofthe plant by imposing suboptimal condi- 
tions regarding water supply, operating temperature 
and or light intensity (Barber and Andersson, 1992; 
Long et al., 1994). On the other hand, increasing the 
optimality of these environmental conditions may 
stimulate the plant to increase its productive capac- 
ity in a feed-forward regulatory response (Anderson, 
1986; Boese and Huner, 1992; Huner et al., 1993; 
Warren et al., 1998). 

The units of measurement that are most important 
in gauging rates of photosynthesis under excess light 
stress are the kinetic rate constants, k D , defined as the 
number of transitions per unit time, for each of the 
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damage and protection associated thermal dissipation 
processes (Govindjee, 1995; Gilmore and Govind- 
jee, 1999); these are related to the photochemical, 
energy transfer, and fluorescence processes in the 
photosynthetic apparatus (vanGrondelle etal., 1994; 
Joshi and Mohanty, 1 995). Thus, the most informative 
measuring tools to study the photosynthetic light-use 
are instruments that can resolve the kinetics of these 
competing rate processes by determining both (1) 
the length of time chlorophyll electrons remain in 
an excited state, following photon absorption and 
(2) the energy level, as measured by the frequency 
(inverse of the wavelength) of the photons that are 
released as fluorescence when the electrons return 
from the excited state to the ground state (Campillo 
and Shapiro, 1983; Alcala et al., 1985; Hungerford 
and Birch, 1 996). The energy-level of the fluorescence 
is of primary importance because it can indicate which 
chlorophyll protein complex emitted the photon, 
since many different antenna and reaction center 
complexes from both Photosystems II and I (PS II 
and PS I) can be distinguished by their fluorescence 
emission spectra (Govindjee, 1995). 

The subject of this chapter is the energy balance, 
including its measurement and analysis, with respect 
to light-absorption, photochemical utilization, pho- 
toprotective thermal dissipation and excess light- 
induced damage to the photochemical apparatus. 
Hence, the introduction refers to a model comprising 
the following four point plan for flexible acclimation 
to photosynthetic stress, namely, (1) ‘down-regula- 
tion’ of the delivery of excess absorbed light to the 
reaction centers by feed-back regulation of increased 
thermal dissipation in the antenna (Gilmore, 1997; 
Muller et al., 2001), (2) ‘down-sizing’ by physically 
decreasing the absorbance cross-section of the an- 
tenna relative to the reaction center to avoid excess 
light absorption (Yang et al., 1998, 2000; Wilson 
and Huner, 2000), (3) ‘increased productivity’ or 
feed-forward regulation of the photosynthetic rate 
and efficiency to reduce the amount of excess light 
(Huner et al., 1993; Osmond, 1994; Warren et al., 
1998), and finally 4) reorganization and or permanent 
loss to seasonal liquidation of reaction center com- 
plexes when excess light cannot otherwise be used or 
safely dissipated (Ottander et al., 1995; Anderson et 
al., 1998; Verhoeven et al., 1999; Gilmore and Ball, 
2000; Adams et al., 2001 ). The chapter is structured 
around the above plan in its description of both physi- 
ological-ecological and biophysical aspects, including 
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instrumentation and global data analysis methods 
(and examples), related to the study of photosynthetic 
responses to excess light stress. 

B. Physiological Ecology of the Photosyn- 
thetic Apparatus 

1. ‘Down-Regulation’: Attenuation of Light- 
harvesting through Heat Dissipation 

Thermal dissipation of excess absorbed light, or 
‘down-regulation’ of the antenna delivery of excess 
photons to the PS II reaction center serves as the 
primary, and initial line of defense against excess 
light exposure (see reviews by Krause, 1988; Chow, 
1994; Horton et al., 1996; Krause and Weis, 1991; 
Niyogi, 2000; see chapters by Adams and Demrnig- 
Adams, Bruce and Vasilev, Golan et al.). Currently 
biochemical, biophysical and molecular-genetic 
evidence indicates that there is one prevailing ‘down- 
regulation’ mechanism that involves acidification 
of the chloroplast thylakoid lumen, special oxygen 
containing carotenoids or xanthophylls and special- 
ized proteins in the PS II antenna (Gilmore and 
Yamamoto, 1990; Gilmore, 1997; Muller et al., 
2001; Elrad et al., 2002; Govindjee, 2002; Holt et 
al., 2004). The primary function of this mechanism 
is to rapidly increase or modulate the rate constant of 
heat dissipation of the PS II core-inner antenna and 
to date there is no strong indication that this type of 
process is associated with PS I. 

The accepted biophysical model of the process 
is described in greater detail later and involves two 
main biochemical steps. First, the lumen pH activa- 
tion of the violaxanthin (V) deepoxidase enzyme 
that converts the diepoxide V into the epoxide free 
zeaxanthin (Z), via the mono-epoxide intermediate 
antheraxanthin, A (Yamamoto et al., 1962; Hager, 
1969; Yamamoto, 1979). Second, the lumen acidity 
protonates key lumen exposed carboxylate moieties 
of the PsbS protein (Funk et al., 1995; Li et al., 2000, 
2002c) to activate this protein for a unique binding 
association with the xanthophylls A, Z and possibly 
lutein, wherein, there is induced an increase in the 
rate constant of thermal dissipation (Gilmore and 
Yamamoto, 1990, 1993,2001; Gilmore et al., 1998, 
2000; Li et al., 2002b; Ma et al., 2003). Importantly, 
several lines of biochemical and spectroscopic evi- 
dence point to a structural association of the PsbS 
with the core-inner-antennae PS II proteins in higher 
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plants; note this is in contrast to the Chi fi containing 
peripheral proteins designated as Lhcbl-6 (Gilmore 
et al., 1996b, 2000; Thidholm et al., 2002). Further, 
a key recent report claims to have provided evidence 
that zeaxanthin directly accepts energy from Chi a, in 
a PsbS-dependent manner, as an integral and ultrafast 
(approximately 10 ps) excited state event of the down- 
regulation mechanism (Ma et al., 2003). 

In addition to the ultrafast energy transfer and 
dissipative events, the relative kinetics of the down- 
regulation mechanism are of primary importance in 
the context of this chapter, i.e., in a long-term ac- 
climatory or physiological-ecological context. The 
biochemical manifestation of down-regulation is 
relatively rapid usually taking less than five minutes 
to elicit a maximal response. Furthermore, it is es- 
tablished from the xanthophyll-PsbS stoichiometry, 
on a per PS II unit basis, and the finite limit of the 
energy dissipation rate process that down-regulation 
has a restricted photoprotection capacity in the short 
term (Gilmore et al., 1998; Gilmore and Govindjee, 
1999; Li et al., 2002b). Therefore it must be reasoned 
that other photoprotective mechanisms must come 
into play during prolonged excess light exposure to 
prevent irreversible or lethal damage, as explained 
below. 

2. ‘Down-Sizing’: Attenuation of the Light- 
Harvesting Antenna Size 

As a longer-term and more dynamic plan to deal 
with light excesses, compared to down-regulation, 
higher plants and photosynthetic green algae may 
adopt the strategy often referred to as ‘down-sizing.’ 
Primarily the acclimatory downsizing facilitates the 
catabolism of the peripheral antennae complexes but 
at the same time it can involve increased synthesis 
and accumulation of the reaction center components 
(Anderson, 1986; Osmond, 1994; Baroli and Melis, 
1998; Yang et al., 1998, 2000; Pfannschmidt et al., 
1999; Allen and Pfannschmidt, 2000; Wilson and 
Huner, 2000 ). It is believed to be the increased ratio of 
productive reaction centers to antenna that alleviates 
the well-known ‘excitation pressure’ (Huner et al., 
1993; Maxwell etal., 1994, 1995; Wilson and Huner, 
2000) on the reaction centers exerted by excess light 
absorbed by the antenna. The strategic advantage of 
downsizing is clear because the photons absorbed 
by the peripheral antennae represent up to 50% of 
the photons absorbed by the PS II unit (Chow et al., 



1991; Gilmore and Govindjee, 1999). 

It has been established that the same physical 
processes that lead to the ‘down-regulation’ are also 
associated with ‘down-sizing,’ in as much as they 
share a common causal factor, namely, acidification 
of the chloroplast thylakoid lumen (Gilmore and 
Yamamoto, 1991, 1992; Wilson and Huner, 2000 ). Im- 
portantly, the relationship between down-regulation 
and down-sizing runs deeper than a common cause 
in that down-sizing usually involves a concomitant 
increase in the physical capacity of down-regulation; 
this is primarily owing to the aforementioned increase 
in both the xanthophyll cycle pigment PS II pool size 
and the capacity to convert V to A and Z (Demmig- 
Adams and Adams, 1996, 2000; Demmig-Adams et 
al., 1996). Further, it remains to be confirmed that 
downsizing conditions may also be associated with 
an increased PsbS to PS II ratio as suggested by Li 
et al. (2000, 2002a, b). 

One important thing to keep in mind is that down- 
sizing appears to be a response to the increased lumen 
pH as opposed to the light-intensity per se. This is 
obvious because attenuating carbon fixation with 
low temperatures leads to a similar downsizing as 
imposing excess-light at room temperature (Maxwell 
et al., 1994, 1995; Wilson and Huner, 2000). Wilson 
and Huner (2000 ) found that the lumen acidity exerts 
its action to cause the downsizing response by acting 
on the oxidizing side of the cytochrome (Cyt) b 6 f 
complex in the thylakoid lumen. This primary site 
of action implies that intersystem electron transport 
carriers such as plastoquinone (between PS II and 
the Cyt fig/ complex) are involved in controlling 
genes that regulate the xanthophyll biosynthesis 
and the proteases specific for the peripheral antenna 
components (Maxwell et al., 1995; Pfannschmidt et 
al., 1999). Bruggemami and Koroleva (1995) and 
Gilmore and Bjorkman (1995) showed that low tem- 
peratures lead to enhanced lumen acidity, relative to 
a given proton trans-thylakoid translocation rate, by 
restricting proton leakage from the thylakoid lumen. 
The increased backpressure on the oxidation step of 
the reduced plastoquinone (PQH 2 ) by the increased 
pH gradient, commonly known as ‘photosynthetic 
control,’ helps to explain why the PQ pool becomes 
increasingly reduced at low temperatures and why 
low temperatures and moderate light intensities lead 
to the same phenotypic expression as high-light at 
ambient temperatures. 

Withrespectto the physiologically relevant kinetics 
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of the down-regulation and down-sizing responses the 
‘acclimatory’ LHC II protease exhibits regulation at 
both the enzyme and substrate levels, with a lag of 
up to two days upon exposure to excess light before 
LHC II degradation is initiated and up to four days 
before degradation is complete (Yang et al., 1998). 
LHC II protease enzyme regulation may involve redox 
or thiol modulation and substrate level regulation is 
related to the phosphorylation state of LHC II, that is 
known to be elicited by the plastoquinone redox state 
(Allen et al., 1981). Further, the LHC II proteases 
degrade LHC II monomers faster than trimers (Yang 
et al., 1998, 2000). Although there are exceptions 
to this rule, as described later, chlorosis, or loss of 
chlorophyll, is considered to be an extreme form of 
downsizing. Chlorosis is considered and defined in 
the context of this chapter as oxidative bleaching and 
loss of Chi that is independent of regulated enzyme 
or LHC Ilase activity; it is discussed further in Sec- 
tion I.B.4. 

3. ‘Increased-Productivity’: Electron Trans- 
port, C0 2 Fixation and Photochemistry 

Much as the strategies of down-regulation and down- 
sizing exhibit ‘synergy,’ it is further enhanced by the 
feed-forward strategy of ‘increased productivity.’ 
Early work on acclimation to increasing light intensi- 
ties indicated a clear trend, towards increased maximal 
rates of photosynthesis, increased concentrations of 
reaction center and electron transport components and 
enzymes related to carbon fixation and energy cou- 
pling (see reviews by Anderson, 1986; Chow, 1994; 
Osmond, 1 994 ). Much as for the processes related to 
downsizing described above, increased-production is 
an inducible phenomenon that may be related to the 
same lumen pH control over key redox components 
and phosphorylation of certain proteins and enzymes. 
It is established that low-temperature acclimated, 
cold-hardened, plants of the same species exhibit 
significantly higher maximal photosynthetic rates 
(Huner et al., 1993; Warren et al., 1998). The main 
consideration here is that increased productivity leads 
to a faster integrated rate-constant of photochemistry 
thus reducing the time-integrated possibility that the 
electronic excited state of the chlorophylls will lead 
to a potentially dangerous oxidizing species such as 
singlet oxygen or triplet chlorophyll (Demmig- Adams 
et al., 1996) that could lead to degradation of key 
reaction center protein complexes. 



4. ‘Liquidation’: Photosystem ll-inactivation, 
Reaction Center Degradation and Chlorosis 

The worst case scenario is realized when the amount 
of light energy far exceeds the demand which causes 
an overload of the system leading to dangerous oxi- 
dizing reactions and decomposition of the PS II and 
PS I reaction centers (Barber and Andersson, 1992; 
Sonoikeetal., 1995, 1997;Tjusetal., 2001). There is 
a subtle point to be made here regarding the distinction 
between inactivated and destroyed reaction centers, 
as the processes are neither mutually exclusive nor 
simultaneous, with at least partial inactivation likely 
preceding advanced decomposition and complete pro- 
tein degradation (Barber and Andersson, 1992; Chow, 
1994; Ohadetal., 1994; Osmond, 1994; Anderson 
et al., 1998). Inactivated or damaged PS II centers 
exhibit alternate heat dissipation pathways, the nature 
of which is not fully understood other than the fact 
that they rob the system of useful energy and lower 
the integrated photosynthetic efficiency (Gilmore 
and Govindjee, 1999). 

The steady state level of active and inactive cen- 
ters is commonly believed to be balanced by the 
relative rates of synthesis and degradation of the D1 
(32 kDa) and other PS II proteins including the D2 
and CP (Chlorophyll Protein) complexes. Multiple 
oxidation sites have been identified on the D1 and 
D2 proteins (Sharma et al., 1997). This is interpreted 
to indicate that oxidative damage and inactivation of 
PS II involves gradual conformational changes (Tjus 
et al . , 2 00 1 ), as a result of gradual structural wear and 
tear and attenuation of the efficiency of each center 
(Gilmore et al., 1996a); this is in contrast to an in- 
stantaneous switch from a functional to a completely 
non-functional PS II center. 

Diffusion limited processes associated with gas- 
eous singlet oxygen formation are often implicated 
in the above-described changes (Hideg et al., 1994, 
2000, 2001). Two lines of supporting evidence include 
1) selective PS I excitation, exclusive of PS II, leads 
to singlet oxygen formation and indirect oxidative 
degradation of PS II by diffusion from PS I regions 
to PS II regions (Tjus et al., 2001) and 2) micro- 
scopic imaging indicates that singlet oxygen diffuses 
throughout the chloroplast space where it is formed 
(Hideg et al., 2001). As explained below the gradual 
decomposition of reaction center photochemical ef- 
ficiency can be followed with time-resolved fluores- 
cence spectroscopy that indicates a gradual decrease 
in the fluorescence rate constants for PS II centers 
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(Renger et al., 1995; Gilmore et al., 1996a). 

In overwintering perennial plants and evergreen 
species (Groom et al., 1991; Adams and Demmig- 
Adams, 1995; Ottanderetal., 1995; Verhoevenetal., 
1 999; Gilmore and Ball, 2000; Gilmore et al., 2003), 
reorganization as well as loss of pigment systems are 
some of the strategies involved. The seasonal time 
frame of the ‘terminal’ strategy effectively highlights 
the relative kinetic response in the context of the 
down-regulation, downsizing and increased produc- 
tivity strategies. As discussed later, perhaps, the 
ultimate synergistic culmination of the four-point 
plan is exhibited by overwintering evergreens. 

Overwintering and cold-hardened evergreens may 
exhibit drastic down-sizing due to loss of LHC lib, 
even oxidative and freezing damage-related chloro- 
sis, along with degradation of the D1 and other RC 
protein components, but at the same time they ac- 
cumulate increased levels of the energy dissipating 
xanthophylls A and Z (Ottanderetal., 1995). Because 
these symptoms persist when the temperature is too 
low for the enzymatic processes of CO, fixation to 
occur, one could reason it may not be important 
for a PS II reaction center to be functional since it 
cannot function anyway. Moreover, the acclimation 
of evergreens reverses relatively rapidly in periods 
as short as three days upon return to favorable 
photosynthetic temperatures (Adams and Demmig- 
Adams, 1995; Ottander et al., 1995; Verhoeven et 
al., 1999; Gilmore and Ball, 2000). This process 
when examined with time- and wavelength-resolved 
fluorescence spectroscopy (Gilmore and Ball, 2000; 
Gilmore et al., 2003) exhibits clear indication for the 
rapid reorganization of the remaining chlorophyll, 
without net Chi increases; the reorganization prob- 
ably involves both synthesis of new proteins to yield 
functional PS II centers and a concomitant decrease 
in wasteful energy dissipation and the xanthophyll 
cycle pigments A and Z. 



II. Time- and Wavelength-Resolved Fluo- 
rescence Instrumentation 

The tools of the trade for analyzing and predicting 
photosynthetic trends through fluorescence measure- 
ments are: 1) so-called time-domain or pulsed 
fluorometers that follow the chlorophyll excitation 
decay during and following a brief exciting pulse 
of light, usually from a laser (Schiller and Alfano, 
1980; Campillo and Shapiro, 1983; Hungerford and 



Birch, 1996) and 2) frequency-domain fluorometers 
that function on the principle that the fluorescence 
emission is shifted in phase from the sinusoidally 
modulated exciting light and that the phase angle 
shift and demodulation of the fluorescence waveform, 
relative to the excitation beam, is proportional, via 
Fourier transformation, to the component decay rate 
constants of the sample (Alcala etal. 1985; Jameson 
and Hazlett 1991). The following sections summarize 
the basic operation principles of both types of instru- 
ments; for a more complete description of the instru- 
mentation and measuring principles see e.g. Lakowicz 
(1999). Both time- and frequency -domain analyses 
are presented in later sections of this chapter. 

A. Time-Domain: Two-dimensional Time-cor- 
related Single Photon Counting 

The streak-camera-spectrograph exemplifies the 
time-domain instruments because it facilitates simul- 
taneous resolution of both the time- and wavelength- 
dimensions of the fluorescence decay (Schiller and 
Alfano, 1980; Buhleretal., 1998). Figure 1 shows 
the basic components of a modem turnkey instrument 
(Hamamatsu Photonics Inc., Hamamatsu, Japan) with 
respect to their individual functions. Excitation light 
is provided by a pulsed laser source, such as a mode- 
locked laser or a pulsed laser-diode driver (and laser- 
diode) as illustrated. Typical pulse widths can vary 
from some hundreds of femtoseconds (10~ 15 s) up to 
tens of picoseconds (1 0 12 s). The streak-camera unit 
timing is synchronized with the pulses through either 
the pulser circuitry for the laser-diode (as illustrated ) 
or a PIN-diode switch for mode-locked lasers. The 
excitation pulses may be passed through collimators, 
polarizers, or color or neutral density filters prior to 
illuminating the sample. The sample’s fluorescence 
emission may then also be passed through polarizers, 
filters etc., before entering the spectrograph that dis- 
tributes the light according to the energy levels. The 
distributed light is focused towards the streakscope 
head, which contains first a photocathode (PCAT) 
and then an accelerating electrode containing a 
horizontal slit. The photoelectrons emitted from the 
photocathode pass though the slit into a deflection 
electrode (DEFL); then they fall upon a microchan- 
nel plate (MCP) image intensifier. Depending on the 
velocity of the photoelectrons, they are distributed 
vertically on the image intensifier; thus the vertical 
axis represents the time and the horizontal axis rep- 
resents the wavelength. 
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Fig. /. Schematic representation of a computer-controlled synchroscan streak camera-spectrograph equipped with a pulsed laser diode 
excitation source. The pulser controls the pulse repetition frequency of the laser diode driving circuitry (LD dr) to regulate the laser 
diode that excites the sample. Fluorescence from the sample is focused into the spectrograph, which disperses the light according to its 
spectral energy and focuses the emission on the streak tube unit or head. Light from the spectrograph enters a photocathode (PC AT), 
photoelectrons from the PC AT pass through an acceleration electrode with a horizontal slit into a deflection electrode (DEFL); photo- 
electrons are dispersed vertically by the DEFL according to their velocity. The photoelectrons are ampl ified through a microchannel plate 
image intensifier (MCP), then strike a phosphor screen (PSC) that is fiberoptically coupled to a charge-coupled device (CCD) camera. 
The horizontal axis is associated with the wavelength of the emission and the vertical axis with the time. The image acquisition card in 
the computer acts as a frame buffer and image acquisition is synchronized with the pulse timing. 



The amplified photoelectrons from the image in- 
tensifier excite a phosphor screen (PSC). The PSC 
of the streak unit is coupled via fiber optics to a 640 
x 480 charge-coupled device (CCD) camera and 
the frame buffer electronics and image-acquisition 
software are synchronized with the pulse trigger unit. 
The 640 vertical pixel rows of the CCD represent 
the time channels and the 480 pixel rows represent 
the wavelength channels. The gain of the image 
intensifier is attenuated to a threshold voltage to 
ensure that for any single laser pulse no more than 
one photo-electron event will be captured in the 
frame buffer for any single pixel or spot in the CCD 
image. The time and wavelength resolved images 
must be gradually accumulated for a large number of 
laser shots (until an acceptable signal to noise ratio 
is achieved) to avoid the photon pileup effect that 
would occur if more than one photon per laser shot 
was recorded for any given time-wavelength channel 



coordinate. Photon-pile up is undesirable because it 
skews the Poissonian or time-integrated statistics of 
the single-photon counting (Hungerford and Birch, 
1996). Therefore one normally requires a relatively 
slow data acquisition time for a given sample, from 
several minutes up to several hours in some cases; 
such long delays may in fact be unsatisfactory 
when analyzing Chi fluorescence since most of the 
physiologically relevant states of interest persist at 
steady state for brief periods ranging from seconds to 
minutes. Furthermore, many Chi containing systems 
are prone to bleaching from the exciting beam and 
general instability and degradation. 

There are however several substantial benefits 
of the ‘two-dimensional photon counting’ method 
and these along with details of the data analysis are 
described later in the context of a specialized data 
analysis method and example image analysis. 
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B. Frequency Domain: Multifrequency Phase 
and Modulation Fluorometry 

The multifrequency technique has some advantages 
for measuring fluorescence from biological systems, 
the most important being rapid and robust data ac- 
quisition with intense sample excitation because the 
instrumental technique is not susceptible to the so- 
called photon pileup that might be obtained with an 
over-amplified time-correlated instrument. Figure 2 
provides a schematic of a multifrequency cross-cor- 
relation phase and modulation fluorometer. MPF(1SS 
Instruments Inc., Champaign. IL)as currently used in 
several laboratories ( Alcala et al. 1 985; Jameson and 
Hazlett 1991). The heart of a typical MPF consists of 
a pair of radio-frequency synthesizers that drive the 
excitation and detection circuitry, respectively. 

With respect to the instrument, used as an example, 
the excitation or master synthesizer (MAS) is set at 
a base frequency from between 10 to 800 MHz and 



is injected directly into the laser-diode driving (LD 
dr) circuit to modulate the laser-diode's intensity. The 
detection or slave synthesizer (SLS) is modulated 
at the same base frequency plus a small offset fre- 
quency (i.e., 400 Hz), known as the cross correlation 
frequency (CCf). The detection synthesizer signal is 
injected directly into the red-sensitive microchan- 
nelplate detector’s (MCP) driving circuitry whose 
filtered and amplified signal is fed directly into the 
digital acquisition card in the computer. The computer 
controls and synchronizes both synthesizers and re- 
cords and processes the phase and modulation data 
via a fast Fourier transform protocol. The excitation 
from the laser-diode, which may be polarized or 
filtered, is either focused directly onto the sample in 
the sample compartment or passed through a fiber- 
optic probe to a remote sample location. The signal 
from the sample can be passed though colored or 
color-neutral-density filters (or polarizers) to isolate 
and/or attenuate, respectively, the sample or reference 
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Fig. 2. Schematic representation of a computer controlled mu hi frequency phase and modulation fluorometer equipped with a laser diode 
excitation source and fiber-optic sample probe. The computer controls the master radio frequency synthesizer (MAS) which directly 
modulates the laser diode driving circuitry (LD dr). Tire laser diode (LD) excites the sample through one bifurcated end of the quartz 
fiber optic probe that interfaces terminally with the sample. The other bifurcated end of the fiber optic probe carries the sample emis- 
sion and excitation reference to the filter wheel (FW) apparatus. The FW contains the sample emission filter (685 nm bandpass) and 
excitation references (selected peak wavelength of the diode. 645 nm) and reciprocates for each measured frequency reading for each 
sample. The light from the FW is focused into the microchannel plate photomultiplier tube (MCP). The MCP circuitry is modulated 
directly by the slave radio frequency synthesizer (SLS). which itself is modulated at the same base frequency as the MAS plus a small 
(400 Hz) cross-correlation frequency. The reference and sample emission signals from the MCP are processed by the analog-to-digital 
acquisition card in the computer by a fast-Fourier transform to determine the phase angle shift (<J>) and demodulation ratio (A/) for each 
frequency point determination for each sample. 
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emission intensity for a given wavelength region; in 
the instrument shown, the sample emission reach- 
ing the detector is controlled through an automatic 
filter wheel apparatus (FW) that facilitates switch- 
ing between the sample and emission signals of the 
measurement. 

Figure 3 illustrates the fundamental signal param- 
eters and theory of the so-called ‘frequency domain’ 
measuring principle (Jameson and Hazlett, 1991 ). The 
basis of the theory is that fluorescence light emitted 
from a sample remains ‘in-phase,’ although shifted, 
with the exciting light when the latter is sinusoidally 
modulated with a given frequency. The measuring 
principle centers on the comparison of two sinusoi- 
dally modulated waveforms, namely the excitation 
light wave as a function of time. E(t), and the sample 
fluorescence emission light wave as a function of 
time. Fit). The waveforms are analyzed with respect 
to their respective alternating and direct current, AC 
and DC. parameters that represent the height of the 
alternating modulation. These parameters are mea- 
sured as shown in the figure where the AC equals the 
amplitude difference between the mid-wave and the 
peak and the DC equals the mid-wave height. 

The fluorescence emission light-wave is always at 
a lower energy or longer wavelength titan the excit- 
ing light because of the well-known Stokes-Shift 
effect (Lakowicz, 1999). The Stokes-Shift occurs 
because following photon absorption and transition 
of an electron to a higher energy level (that occurs in 
the time-scale of femtoseconds, 10 15 s) a molecule 
undergoes internal conversion, or thermalization 



involving vibrational heat-loss to its surroundings. 
The excited electron settles into the lowest vibra- 
tional energy level of the first singlet excited state 
from which the fluorescence photon is emitted. In 
frequency domain measurements, the ‘Stokes-shift 'is 
further characterized and quantified by the demodu- 
lation (reduction in the amplitude) and phase-angle 
shift of the fluorescence F(t) waveform compared 
to the excitation waveform E(t). Quantification of 
the demodulation and phase-angle shift at a given 
angular modulation frequency, to 2nf, where / is 
the frequency in reciprocal time units, is achieved 
by calculating 1) the demodulation ratio as M=(AC/ 
DC)p7(AC/DC) E and 2) the phase-angle shift <)> from 
the phase delay, represented as (a - b). between the 
two waveforms. 

If the fluorescent sample comprises one species that 
decays with a single first-order or monoexponential 
decay then the fluorescence lifetime ofthe sample can 
be simply calculated from either or both the fluores- 
cence lifetimes of the 4>, x, , and or the modulation M. 
x w , at any given modulation frequency according 
to the following equation: 

r ^ = tan = t u = yf{M' 2 - 1)/ w 2 ( 1 ) 

However in practice for photosynthesis research it 
is rarely the case that one encounters a sample with 
monoexponential decay, except for perhaps puri- 
fied pigments in a solution or other uniform matrix. 
Therefore in most cases where the fluorescence life- 




Fig. 3. Measuring principle of phase and modulation fluorometry. The excitation waveform shown as a function of time, Eft), is sinusoi- 
dally modulated at a given frequency anti is defined by two measurables, namely the alternating (AC) and direct current (DC) signals. The 
fluorescence waveform, also expressed as a function of time, F(1 ), exhibits a diminished amplitude and is phase-shifted (a b) compared 
to E (t). The demodulation (M) is calculated as the ratio ofthe AC to DC signals for the fluorescence and excitation waveforms. 
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times are heterogeneous andx M differ at any given 
frequency and one is obliged to measure a range of 
frequencies to deconvolve the lifetime components; 
the theory function derivation for heterogenous de- 
cays is described later. 

It is important to understand that the analysis ne- 
cessitates measuring the differential of two separate 
fluorescence lifetime signals for each frequency, one 
for the reference and one for the sample. Typically 
the reference signal is collected as the 0 ns lifetime of 
the scattered excitation light itself, through filters or 
a monochromator that excludes all sample emission. 
Alternate to the 0 ns scattered excitation light one 
can use a ‘reference’ compound, preferably one that 
emits fluorescence at a wavelength similar to that of 
the sample, but most importantly one that exhibits 
a monoexponential decay. The so-called ‘color fac- 
tor’ may be important in some cases because certain 
types of detectors exhibit wavelength dependent 
responses that could potentially skew kinetic evalu- 
ations (Beechemetal., 1983; Beechem, 1992). Data 
are collected for a given set of frequencies, typically 
10 to 16, over the range from ten to hundreds of 
MHz even to GHz for each sample measurement. 
The kinetic and amplitude parameters correspond- 
ing to the heterogeneous sample decay are obtained 
by ‘fitting’ or simulating the data which involves a 
Fourier transformation and usually a minimization 
of the least-squares residual errors (Beechem et al., 
1983). 



III. Overview of Global Analysis 

As explained above, the use of light by photosyn- 
thesis is extremely complicated with numerous 
steps covering several kinetic orders of magnitude 
from femto- to nanoseconds, among a considerable 
number of complexes. Furthermore, complexes may 
emit and absorb with different energy levels and 
kinetics and in some cases even reabsorb light to 
strongly influence the relative emission amplitudes 
(Weis, 1985; Gilmore et al., 2000; Chapter 28, Lich- 
tenthaler and Babani ). In order to resolve the energy 
transfer pathways and kinetics among and within 
the various complexes using data acquired with a 
conventional fluorescence lifetime instrument, it is 
usually absolutely necessary to employ the statistical 
leveraging tool known as ‘global analysis’ or ‘global 
overdetermination’ (Beechem et al., 1983; Knutson 
et al., 1983; Beechem, 1992; Gilmore et al., 2000). 



The basic premise of global analysis involves deriv- 
ing and employing the most efficient model with the 
aim to mi n imiz e 1 ) the residual error sum and 2) the 
number of ‘free’model parameters in the error matrix. 
These factors are critical for detailed fluorescence 
lifetime analyses because, for example, an uncon- 
trolled model of a time- and wavelength-resolved 
emission spectrum may easily comprise several 
hundred ‘free ’parameters at its most elemental level. 
However, if one considers that many of the parameters 
are in fact physically identical and or related by an 
analytical function such as a spectral or kinetic line 
shape function then it is easy to envision how use 
of such a model will reduce the degrees of freedom 
and increase the significance and reproducibility of 
the data simulation. In other words, the key feature 
of global overdetermination (analysis) is the global 
parameter linking scheme. 

A. Global Parameter Linking Schemes 

Deriving and applying the parameter linking scheme 
is central to leveraging and extracting the highest 
degree of statistical significance and reproducible 
simulation from a data set (Beechem, 1992). Gener- 
ally, linking schemes are employed at two levels that 
are not mutually exclusive. One level of linking is em- 
pirical, and can be applied when the exact analytical 
function describing the parameter relationship is not 
known, while the second level involves an established 
analytical function or system of analytical functions. 
At the empirical level, such as in the conventional 
fluorescence lifetime analysis method is known as 
the decay-associated-spectra or DAS (Mimuro et al., 
1987a; Holzwarth, 1988, 1996; Schmuck and Moya, 
1994). Here, the group of parameters referring to a 
fluorescence lifetime (x )of a given molecular compo- 
nent may be set to exactly equal values or ‘hard-linked’ 
across all wavelength regions analyzed; in the DAS 
method, all the amplitude parameters corresponding 
to the given lifetime component are allowed to vary 
freely among all the wavelength regions analyzed. 
This satisfies the empirical model assumptions that 
the decay constant of the given molecular species 
(from its lowest-energy first singlet excited state) 
should remain constant while the amplitude of the 
intensity is a function of the unique vibrational pattern 
that determines the molecular species’ wavelength- 
dependent fluorescence spectrum. Similarly, a linkage 
between a set of parameters may consider or allow 
a gradual systematic change or slight variation in 
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the parameter set that is described as a ‘soft-link’ 
wherein a standard error or other variation-trend is 
allowed to determine the parameter relationships. This 
assumption may allow one to deal with natural noise 
or variation expected in a given parameter where it 
is obvious or anticipated that a ‘hard-link’ leads to 
unsatisfactory systematic errors. Thirdly, there are 
‘conditional links’ and or constraints wherein cer- 
tain experimental parameters must be met before a 
given set of parameter links or values is applied in 
the residual error m in i m i z ation. Finally, there is the 
higher order of linking known as a ‘functional link’ 
or ‘tabular link’ wherein a given model function or 
analytical equation system with a decidedly limited 
number of parameters is used to predict what is usu- 
ally a much larger table of values that themselves 
correspond to the model parameters describing the 
model. Here again one must consider that both the 
empirical and analytical links can be complementary, 
i.e., when it is known that one process or group of 
molecules is unaltered in an experiment. 

B. Residual Error Analyses 

Here we deal with the concept of residual errors and 
residual error distributions including what they are 
and how they are analyzed to determine the good- 
ness of fit of a global model. At the most elemental 
level the difference between a datum point (D;) and 
the model prediction of that datum (M;) is known 
as the residual error R, = D;- M;. A primary goal of 
model fitting is to both reduce the sum and increase 
the randomization of the signs (+ and -) of residual 
errors for all data points. The latter point concern- 
ing randomization is especially critical for future 
discussions and examples because it is the shape or 
distribution pattern of the randomization trend around 
0 that is central to selecting and implementing the 
most appropriate ‘error norm ’ for the given problem. 
One overriding assumption in the field of fluores- 
cence lifetime analysis is that the so-called ‘parent 
distribution’ of the observed residual errors is best 
described by a Gaussian or normal distribution shape 
(Beechemetal., 1983;Knutsonetal., 1983;Beechem, 
1992; Holzwarth, 1996; Gilmore et al., 2000). The 
Gaussian distribution is symmetrical about its mean 
with finite tail regions and a half- width that is equal 
to its standard deviation. The Gaussian assumption 
is routinely applied to both the time- and frequency- 
domain techniques. Here, however, we first consider 
the time -domain case. 



The basis of the time-domain fluorescence analy- 
sis is that the probability for arrival of a photon at a 
given space in time for a given photon fluence rate is 
determined by the well-known Poissonian distribu- 
tion function (see review by Hungerford and Birch, 
1996 ). The Poissonian function shape and Gaussian 
shape exhibit a high degree of homology given a large 
enough number of photon count events (Bevington, 
1969 ). Therefore the Gaussian is theoretically justi- 
fied to describe the residual error distribution for 
time-correlated single photon counting (Holzwarth, 
1996). It so happens that if one assumes the ‘parent’ 
residual error distribution is Gaussian, then it is 
customary to fit the data by minimizing the weighted 
least-squares -error norm, associated with the well 
known chi-square equation (Bevington, 1 969 ). Based 
on Poissonian statistics, the standard deviation (a,) of 
a datum point, M t is proportional to the square root 
of the photon count at that given time-wavelength 
coordinate (t, X) and the variance of the data point 
equals the square of the standard deviation (o 2 =M i ). 
Therefore, in least-squares analysis, as commonly 
applied to time-correlated single photon counting, 
one typically minimizes the reduced Chi-square 
equation, 



X 2 



v 



1 

N — m — 1 




( 2 ) 



that is the sum of the squared residual errors ‘weight- 
ed’ by their variances (the chi-square term), divided 
by the reduction term (N-m-1) that corresponds to the 
total number of data points, N, minus the total number 
of ‘free ’ fitting parameters , m , minus one. For practical 
purposes, given a sufficient number of photon counts 
at the peak (t, X) coordinate, the ideal reduced chi- 
square value converges to unity. However, it is clear 
that Eq. (2) is sensitive to both the reduction factor 
(reducing the free parameters ) and the actual model 
deviations summed in the chi-square term. Thus, the 
chi-square value alone may not be the most reliable 
indicator of a ‘good fit’ and it is usually advisable 
to test several other statistical indicators such as 1) 
whether the resultant residual error norm exhibits 
symmetric randomization around the ideal mean of 
zero, 2) whether there are autocorrelation trends in 
the time-series and 3 ) that the error distribution is 
in fact best fit to a Gaussian error norm as opposed 
to some of the other recognized norms that may be 
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encountered in statistical modeling (Straume and 
Johnson, 1992; Draper and Smith, 1998). 

It is well established that a Gaussian residual er- 
ror distribution is not necessarily observed and it is 
stressed here that instrumental factors, experimental 
conditions and model analytical assumptions, espe- 
cially residual-error weighting, may exert a large 
influence on the resultant residual error distribution. 
For example repeated experimental observations 
with the streak camera-spectrograph indicated that 
the residual error distribution shape exhibited a high 
degree of kurtosis or significant ‘peakedness, ’ sym- 
metrical weight in the tail regions that could not be 
well described with a Gaussian function (Gilmore 
et al., 2000). Instead the observed distribution most 
clearly resembled another well-known function: the 
double-exponential or Laplace function (Rundel, 
1991; Evans et al., 1993; Draper and Smith, 1998). 
This observation proved important because another 
well known statistical error norm has been derived 
from the Laplace function known as the L[ error 
norm. The L, error norm is described most simply 
as the absolute value of the difference between the 
datum and its model prediction, or the absolute 
deviation, flD-MJ), and is classed along with other 
norms, including those derived from Lorentzian 
shapes and Pearson shapes as a Robust Error norm 
(Rundel, 1991; Evans etal., 1993; Draper and Smith, 
1998). The importance and utility of the robust er- 
ror minimization is explained in more detail later in 
the context of a global analysis case study involv- 
ing the applied double-convolution integral (DCI) 
method (Gilmore et al., 2000). Of more immediate 
importance regarding assumptions about the use of 
distribution functions in time-resolved fluorescence 
is the distinction between the use of discrete versus 
distributed spectral and kinetic model parameters to 
fit fluorescence lifetime data as outlined in the next 
section. 

C. Fluorescence Lifetime Distributions vs. 
Discrete Decay Models 

1. Fluorescence Lifetime Distributions in the 
Time Domain 

The distinction between discretized versus distributed 
model parameters in fluorescence lifetime analysis 
boils down to our understanding of the derivation of 
the idealized exponential decay law. The exponential 
decay law first assumes that a certain given population 



of identical molecules, in an identical environment, 
are simultaneously and instantaneously excited by 
a photon absorption event (a theoretical delta-pulse 
with infinitely thin width in the time dimension) to 
a singlet excited state, that the decay of the entire 
population back to the ground state and hence the 
intensity of the emitted photons will exhibit first 
order kinetics. After integration of the first order 
rate process referred to above, one obtains the well 
known exponential decay law formula: 

\A exp(- 1 / t) 

m=\ n “ ( 3 ) 

[0 ;t<t 0 

where the intensity as a function of time, I(t), at 
any time, t, greater than that of the excitation event 
at t 0 , is defined by the pre-exponential amplitude 
factor, A, that represents the initial amplitude of the 
I(t), multiplied by the exponential decay factor that 
decays at the rate defined as (-/A), where % is the 
fluorescence lifetime. The exponential decay law 
further stipulates that I(t) is zero prior to or at the 
instant of the excitation event at It is accepted, as 

explained above, that the single exponential decay law 
is the experimental exception in the analysis of the 
chlorophyll fluorescence lifetimes of photosynthetic 
systems. In fact most conventional analyses have 
assumed the decays were best described by sums 
of exponentials, usually 3 to 4, for PS II (Roelofs et 
ah, 1992; Schatz et ah, 1988; Schmuck and Moya, 

1994) , such that the intensity as a function of time 
is defined as, 

= A.exp(—t /r l ) (4) 

|=1 

where, n represents the maximum number of assumed 
spectral components exhibiting the pre-exponential 
amplitude A ; and decaying with the lifetime r s . In 
theory, this equates to the belief that either there are 
four distinct populations of Chi in four molecular 
environments that exhibit distinct decay times, or 
that one or more pools of Chi exhibit multi-expo- 
nential decays such that the total sum of observed 
decays is four. 

Protein biophysicists and photosynthesis research- 
ers have proposed that the above exponential sum 
model is too simple (Alcala et al., 1 987a, b; Fraunfelder 
et ak, 1988; Govindjee et ak, 1990; Gilmore et ak, 

1 995 ) . The oversimplification is in regard to the con- 
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formational dynamics of proteins and protein-bound 
fluorescent molecules like Chi. The conformational 
dynamics concept assumes a realistic interpretation 
would involve continuous distribution(s) of Chi decay 
times because the protein complexes, that determine 
the Chi molecular environment, exhibit a distribution 
of conformational substates (Fraunfelderetal., 1988; 
FraunfelderandLeeson, 1998). Each conformational 
substate should represent a unique environment for 
the lowest vibrational level of the 1st singlet excited 
state of the Chi, that is the source of the fluorescence 
(Alcala et al., 1987a, b). The distributed theory is 
consistent with the well-established concept that the 
excited state behavior of Chi is extremely sensitive to 
and primarily influenced by its protein environment. 
Further, the lifetime distribution idea can account for 
other types and degrees of heterogeneity as explained 
in Gilmore et al. (2000). Thus, we have adopted the 
following sums of distributions decay law, where the 
intensity as a function of time is defined as, 

CO 

!(t) = J2f A (l)j exp(-t / x)d\ (5) 

;=i 0 

Here, n is the maximum number of distribution 
‘modes ’ associated with a given spectral component, 
or band, as defined and discussed later in relation to 
the double convolution integral method (Gilmore et 
al. , 2000). We have found that this assumed distributed 
decay law allows us to quantitatively model and inter- 
pret changes in the lifetime heterogeneity associated 
with energy transfer between/among complexes and 
conformational changes within complexes as influ- 
enced by pH and other physico-chemical factors. 

Another minor but crucial point here is to consider 
some of the basic terminology or jargon regarding 
fluorescence lifetimes in the literature and as used in 
subsequent discussions in this chapter. As expressed 
in Eqs. (3 ) through (5), it is normal that a given 
fluorescence lifetime component be defined with 
an amplitude factor that is essentially, given there 
are no negative amplitude components, the initial 
intensity at the instant following excitation. Because 
one component may transfer energy to another it is 
possible for a component to exhibit a minor fraction 
of negative amplitude as it rises following the receipt 
of excitation from a donor component. However, the 
sum (or integral) of all the amplitudes for any given 
component must always be a positive value. 

In many studies, it is customary to define the indi- 
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vidual kinetic components in a normalized fashion 
with respect to their relative fractional contribution 
to the intensity of the total fluorescence decay signal. 
Thus in the case of the exponential sum model one 
calculates the fractional contribution of component 
A i with lifetime t, as follows, 

^ = 4VE y 4 x ; (6) 

where, the index j indicates the number of components 
with a further stipulation that the total fractional 
intensity /as a function of the lifetime t equals 1 or 
2/(x)= 1 . Importantly, one must also keep in mind the 
key physical model constraint that a lifetime value 
must be greater than or equal to 0. Like the exponential 
sum model of Eq. (5), a parallel normalization and 
summation process can be applied to the distribu- 
tion sum model to define the intensity fraction of 
component A(rJ i as, 

CO / CO 

/C0i = f A(x)W£j C OyX/X 

0 / 0 ( 7 ) 

where, the index j indicates the number of distributed 
components and the total integral of the fractional 
intensity /as a function of lifetime (x) is normalized 
to unity or ff(x) ch = 1. For the distribution sum 
model, the bounds of integration must be constrained 
to lifetime values greater than or equal to 0. In the 
double-convolution integral and frequency domain 
examples, the fractional intensity treatment accent- 
uates components with longer lifetimes, because of 
the multiplicative A(r) times x term. The cumulative 
effects of the ‘lifetime weighting’ are important 
for understanding the relative contributions of a 
component to the steady state or time -integrated 
fluorescence yield. 

For the total contribution of a discrete or distrib- 
uted component i to the intensity, there is another 
parameter to consider: the so-called mean or average 
lifetime. In the case ofthe exponential sum model, the 
mean lifetime is calculated by a summation operation, 
not by averaging. The fractional intensity of every 
component, multiplied by its respective lifetime, is 
summed as follows: 

n 

<*>=E#« (8) 
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where, n is the total number of discrete lifetime com- 
ponents. Thus the mean lifetime involves a second 
multiplicative step of the component by its lifetime 
value, that is subsequent to the fractional intensity 
calculation in Eq. (6). Following the parallel rela- 
tionship between equations 6 and 7, i.e., the parallel 
operation of summation and integration, the total 
integral lifetime from the distribution sum model is 
similarly calculated as : 

J/(T)T ^X = Xj^(X) 1 X i dT. (9) 

0 i=l 0 

The critical point of Eq. (9) is that integration within 
these bounds yields the true mean lifetime for any 
distribution shape(s), whether they be symmetrical 
or asymmetrical. It is important to note that in many 
cases, as geometry would predict, the calculated 
integral lifetime value of a single mode or a popula- 
tion of modes is not necessarily the same value as 
the lifetime value corresponding to the distribution’s 
mode or the average value of the population of modes, 
respectively. 

2. Fluorescence Lifetime Distributions in the 
Frequency Domain 

In parallel to the global distributed analysis of time 
domain fluorescence data, described above, similar 
kinetic distribution analyses can be applied to data 
collected from fluorescence lifetime instruments 
that operate on a frequency domain principle (Al- 
cala et al.,1987a,b; Lakowicz, 1999). Primarily, the 
frequency domain instrument(s) referred to here is 
the previously described multifrequency phase and 
modulation fluorometer (MPF) (Alcala et al. 1985). 
Similar to the time-domain or pulsed fluorometers, 
the MPF’s frequency dependent data yields both the 
fluorescence lifetimes and corresponding fractional 
intensities (or pre-exponential amplitude factors) 
from a given sample. The MPF measuring principle 
involves exciting the sample with a sinusoidally 
modulated excitation beam and determining two mea- 
surable parameters of the corresponding fluorescence 
waveform for each of a set of measured frequencies, 
namely the phase angle shift, <|>, and the demodula- 
tion ratio, M. In order to simulate the mixture of 
component fluorescence lifetime distributions in a 
given sample, one can utilize the integral forms of 
the following Fourier Transforms to predict $ and 



M. In practice this can be accomplished using the 
Trapezoidal rule (or other similar rule) to numerically 
integrate the following transforms: 

5((0)= J / (x) i (0 T i / (1 + (0 2 T 2 z') dx (10 ) 

0 



G(®) = jf(x) i /(l + (o 2 x 2 i)dx (11) 

o 

where, co is the angular frequency of the modulation 
and the index i pertains to the number of fluorescence 
lifetime distributions comprising the total decay 
(Alcala et al., 1987b; Jameson and Elazlett, 1991). 
The S(m) and G( co) transforms are used to calculate 
(j> and M for each frequency (co) of each spectral 
component as follows: 

<p = ARCTAN[S(u) / G(w)] (12) 

M = [S(co ) 2 + G(u>) 2 Y 2 (13) 

The raw model parameters for a monochromatic, 
one wavelength, analysis include the amplitude, width 
and lifetime mode parameters for each kinetic dis- 
tribution needed to describe the decay of the sample 
emission at the given wavelength. In the example 
of frequency domain global analyses of the PsbS- 
dependent down-regulation mechanism, presented 
later, an equilibrium binding isotherm and resultant 
analytical equations are employed to predict the 
relative fractional components and hence reduce the 
number of free parameters to those associated with 
the binding model. Whereas, the frequency domain 
global analysis of the de-acclimation process of the 
evergreens, also presented later, involves a simpler 
empirical hard linking of lifetime distribution pa- 
rameters among the samples over the time course of 
the experiment. 

D. The Double Convolution Integral Method 

As discussed in the previous sections, the photo- 
synthetic models, presented here, generally assume 
the distribution sum model as defined in Eqs. (5), 
(7) and (9). Importantly, with respect to the model 
simulation and analysis of the time and wavelength 
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data, from the streak camera-spectrograph, one must 
consider that each spectral component or band, in 
the wavelength spectrum possesses its own sum of 
distributions decay function. Formally, this means that 
the intensity of band i as a function of time t can be 
simulated by convolving the decay function I(t) i with 
a function that determines the intensity as a function 
of wavelength or I(k) t . This yields the ‘ double-con- 
volution-integral ’ representation of the intensity as 
a function of both time and wavelength, 

I{t,\)=I(t) i ®I{\) i (14) 

In practice, the convolution is achieved by multi- 
plying the I(t) i by a normalized distribution function; 
in most cases, this is a Gaussian spectral component 
where the amplitude parameter is normalized to 1 over 
the time integral from-oo to Additionally, however, 
the decay function for band i, I(t) t , must take into 
consideration the finite width, kinetic features and 
aberrations of the excitation pulse. This is achieved 
by convolving I(t) i with E(t), the excitation pulse 
profile, and a time-axis shift (t-t ’), to yield the well 
known instrument response convolution integral. The 
description of this integral is omitted for the sake of 
brevity; for a complete description, see Hungerford 
and Birch (1996), Buhler et al.( 1998) and Gilmore 
et al. (2000). In any case, the DCI method continues 
to sum all component spectral bands l(t,'k) i-.-.j to 
simulate the total image as acquired by the instrument 
that is defined as: 

T(t,X) = J jj I(t,X) j+ C(t,X) j (15) 

where, C represents a constant offset to account for 
any constant, uniform background contributions to 
the photon counts, C is added to each and every (t, 
k) coordinate. 



IV. Applications of Global Statistical Analy- 
sis 

A. Global Time Domain Analysis: Light-Har- 
vesting at 77K 

The following example illustrates several key features 
of the Double Convolution Integral, DCI, method as 
applied to study the excited state behavior of PS II 
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with respect to energy transfer from the peripheral 
antenna to the core at 77K. The sample image shown 
is that of a mutant of Chiamydomonas reinhardtii 
that lacks the psaA gene that encodes the core of 
PS I (image data sample generously provided prior to 
publication by Shigeru Itoh, Department of Physics at 
Nagoya University, Nagoya, Japan). Thus, although 
the spectrum exhibits fluorescence from the remain- 
ing PS I antenna, it is strongly enriched in all PS II 
components. 

Figure 4a shows the spectral contour plot of the 
image with the DCI model image simulation (thick 
lines) superimposed on the actual data image (thin 
lines). The four time -transects (T1-T4) represent the 
spectral profiles in Fig. 4b, while the three wavelength 
transects (W1-W3) represent the kinetic profiles in 
Fig. 4c. Figure 4d contains the decay profiles corre- 
sponding to each of the deconvolved spectral bands 
labeled respectively as F672, F680, F685, F695, F720, 
F730 and corresponding to the approximate central 
wavelengths (in nm) for each Gaussian spectral band. 
The most striking features of this image are the strong 
initial F680 amplitude along with its extremely rapid 
decay kinetics. The excitation migrates rapidly (fs 
to ps) within the LHC II antenna complex giving 
F680 and then transfers from it to the PS II core-in- 
ner antenna band (PS II CP43), giving F685. F680 
decays with a lifetime of around 8 ps. The excitation 
then appears to transfer further from CP43 (F685) to 
PS II CP47 (F695). Both F685 and F695 exhibited, 
respectively, delayed rise times and much longer 
fluorescence lifetimes than F680. The very rapid 
kinetics of F680 compared to the more slowly rising 
F685 and F695 bands are more clearly shown in Fig. 
4c from the time profiles taken at 670, 685 and 700 
nm, respectively. Figure 4d shows the deconvolved 
band profiles and more clearly illustrates the rapid 
initial kinetics of F680 (and the smaller satellite F672 
band) compared to the delayed rise times of F685 
and F695. As mentioned above, the fast phases of 
F680 and F672 exhibit narrow Gaussian distributions 
(about 6 to 7 ps wide) both centered around 7 to 8 ps 
(not shown). The slower F685 and F695 bands exhibit 
much longer lifetimes with major components close 
to approximately 2000 ps. F695 especially exhibited 
a delayed rise time and negative amplitude in the sub 
10 ps range associated with the transfer from F680 
or F685. The data in this figure clearly illustrate the 
pathway of energy flow in PS II at 77K and confirm 
the early time-resolved emission spectral observa- 
tions of Mimuro et al., (1987a, b) made with spinach 
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Time, ps Residual bin value (unweigthed) 

Fig. 4. Graphical representations of an image and its analysis obtained with a streak-camera spectrograph instrument from a Chlam- 
ydomonas reinhardtii cell sample lacking the psaA gene. Panel (a) shows the data image (thick lines) and model simulation (thin lines) 
obtained by the double convolution integral method of Gilmore et al. (2000). The four time transects (T 1 -T4) marked in (a) are shown 
in Panel (b) as wavelength-dependent spectral profiles. The three wavelength transects (W 1 - W3) marked in (a) are shown in Panel (c) 
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chloroplasts and PS II particles. 

Figures 4e-g deal with the mechanical and statis- 
tical aspects of the DCI method. Fig. 4e shows the 
wavelength-integrated decay profile in comparison 
with both the excitation pulse profile and model 
simulation of the decay profile. The sub-panel below 
4e represents the wavelength-integrated residuals for 
each time-channel to illustrate both the randomiza- 
tion of the residual signs and the low amplitudes 
of the weighted residuals. Figure 4e illustrates the 
time-integrated spectral profile of the total spectral 
data (circles) and model (thick line ) and each of the 
component bands (corresponding to the decay profiles 
in Fig. 4d); the sub-panel below panel f represents 
the time-integrated residuals for each wavelength 
channel. One important observation is that although 
the initial amplitude of the F680 is the strongest of 
all the bands, its contribution to the total counts in 
the time-integrated spectrum is relatively minor 
compared to F685 and F695. In all likelihood, F680 
originates in LHC lib, and it is virtually absent in the 
steady state; F685 and F695 originate in the core of 
PS II (see Chapter 7, Mimuro and Chapter 9, Itoh 
and Sugiura). 

The distribution of the residuals, when analyzed in 
a binned-histogram analysis, are not well defined by 
a Gaussian shape, as noted earlier, but instead exhibit 
a Laplace shape with a sharp peak and more heavily 
populated tail regions; the resultant fit was obtained 
by m i n i m iz ing the sum of the absolute deviation from 
the L, error norm that is derived from the Laplace 
function (Draper and Smith, 1998). Minimizing the L[ 
error norm, compared to m i ni mi zi n g the reduced Chi- 
square, resulted in a higher degree of randomization 
of the residual error signs from the Runs test, as well 
as significantly lower degrees of autocorrelation were 
found in the residual error time -series, as indicated 
by the Durbin- Watson d-test; detailed explanations 
of these tests are available in Straume and Johnson 
(1992) and in Draper and Smith (1998). The robust 
error norm is sometimes beneficial when the y-axis 
scale spans several orders of magnitude as is common 



with time-domain measurements because the standard 
deviation of a Poissonian statistics is proportional 
to the square root of the number of photon counts 
(Rundel, 1991). The robust error norms therefore 
do not weigh the larger error amplitudes as heavily 
(Draper and Smith, 1998), thus avoiding the ten- 
dency to overwhelm and obscure components with 
smaller signals and hence smaller error amplitudes 
(Bevington, 1969). 

It is obvious that the traditional time-domain 
analysis with the reduced Chi-square is not as readily 
applicable or easy to interpret for the DCI method. 
Aside from the clearly non-normal error distribu- 
tions, there is the consideration of over-reduction 
of the Chi-square. For example, if one were to fit 
the above data set with a traditional DAS it would 
comprise 100 time-series over the given wavelength 
range, each with four empirically linked (three pa- 
rameter) Gaussian kinetic components per time series. 
Therefore, one would encounter 400 free amplitude 
parameters in addition to the lifetime and width pa- 
rameter for a total of 408 ‘free’ fitting parameters. 
However, by the same token if one employs the DCI 
method with six three parameter Gaussian spectral- 
bands, each defined by four three parameter Gaussian 
kinetic distributions, the number of free parameters 
is reduced by at least four-fold. Note that this four- 
fold reduction does not take into account empirical 
kinetic links among spectral bands, or fixed values 
for known spectral parameters or the possibility of 
casting a higher-order overdetermining (or targeted) 
model to predict the energy transfer between and or 
dissipation within each band. 

B. Global Frequency Domain Analysis. I: [H*], 
[PsbS] and [Xanthophyll] Effects on Photo- 
system II 

In our previous studies of the xanthophyll-dependent 
down-regulation (Gilmore etal., 1995, 1996a, b, 1998; 
Li et ah, 2002a) we identified three distinct PS II chlo- 
rophyll fluorescence lifetime states corresponding to 



as time-dependent kinetic profiles. The model simulations in panels b and c are represented as dotted lines and data are represented 
as symbols. Panel (d) shows the time-dependent profiles for each spectral band, at its center of gravity wavelength, as identified in the 
deconvolution. Panel (e) shows the wavelength integrated profiles for the data, model and excitation pulse with the weighted residuals 
shown in the sub panel. Panel (f) shows the time-integrated spectral profiles for each component band of the model, the raw data and the 
complete model with the weighted residuals in the sub panel. The line patterns for each representative band are the same in Panels (d) and 
(f). Panel (g) shows the binned histogram of the unweighted residual errors of the fit; the histogram comprised 15900 datapoint sorted 
into 2000 bins at intervals of 0.0005 per bin. The original 640 by 480 image was integrated with respect to both time and wavelength 
axes to yield a total of 100 wavelength channels and 159 time channels. The least absolute deviations parameter calculated according 
to Gilmore et al. (2000) was LI 57.89. The second chi square statistic for the fit of the error histogram to a Laplace distribution was 
= 1.22. Unpublished data provided kindly by Prof. S. Itoh of the Nagoya University Physics Department. 
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the following structural model assumptions: 1) W, a 
PS II unit containing an unprotonated PsbS protein 
and without a bound Z or A molecule, 2) X, a PS II unit 
containing the protonated form of the PsbS capable 
of, but not actively binding a Z or A molecule, and 
finally 3 ) Y, a PS II unit with a protonated PsbS protein 
and with a bound Z or A molecule. In simplest terms, 
conversion of the protonation of PsbS is defined with 
a simple Henderson-Hasselbach titration (defined by a 
pKa value). Also the concentration dependence of the 
binding of Z and A to the protonated PsbS associated 
site is defined with a simple equilibrium-association 
(defined by a K a value). In summary, the scheme is 
outlined as follows: 



pK a K c 




H + [Z+A] 



(Scheme 1) 

In this scheme the total sum of all three PS II states 
is normalized and defined as [W]+[X]+[Y]=1 ; further 
the pK a = pH- fog[W]/[X] and A; = [X]/[Y]([Z+A], 
It follows that there are analytical equations that can 
be derived from the scheme (1), and used to calculate 

[W] , [X] and [Y] given the measured levels of the 
pH and [Z+A], These are defined as : 

[W] = 1 / [1 + lO pk °- pH (l + KJZ + A})} (16) 

[X] = W K ~ pH I 

[1 + 10 pk ‘~ pH (l + K a [Z + A])\ (17) 

[Y]- K a \Z + A] l 0 pk °~ pH / 

[1 + 10 pk ‘~ pH {\ + K a [Z + A])\ (18) 

respectively. Therefore the global analysis, applied 
here, targets the [W], [X] and [Y] parameters via the 
use of an area form of the Lorentzian distribution 
equation to predict the relative integrated fractional 
intensities. The known values for [Z+A] and the pH 
can be fixed and the free parameters include the pK a 
and K a values and all the width and lifetime mode 
parameters ofthe Lorentzian distributions. The model 



assumes all Lorentzian parameters corresponding to a 
given PS II state to be ‘hard-linked.’ For a comparison 
of 2 1 decay data sets, a completely uncontrolled model 
with no links imposed would include a minimum of 
63 fitting parameters for the three decay distribu- 
tions. However, the global target scheme applied 
here reduces the free parameters to a minimum of 8 
free parameters, 3 modes, 3 widths for the entire data 
set plus 2 K a values for the two sample [PsbS]s, thus 
reducing the minimal number of fitting parameters 
by nearly an order of magnitude. 

The data set corresponding to the global-target 
analysis in Fig. 5 corresponds to measurements made 
with Arabidopsis thylakoids isolated from the wild- 
phenotype (WT), the PsbS deletion mutant (npq4- 1 ) 
and a semidominant morph (FI) containing about 60- 
65% of the WT levels of the PsbS protein (Li et al., 
2000). The experiment consisted of inducing varying 
levels of violaxanthin deepoxidation in each type of 
sample in the presence of a constant lumen pH, that 
was maintained at low temperatures with chloroplast 
ATPase activity and exogenous ATP (Gilmore and 
Yamamoto, 1992; Gilmore et al., 1998). 

Figure 5a shows the <|> (squares) and M (diamonds) 
data corresponding to the npq4-l (gray), FI (black) 
and WT (white) samples. It was clear that given the 
same approximate ranges ofV deepoxidation condi- 
tions, the WT exhibited the lowest <|> and highest M 
values for any given modulation frequency, indicating 
the shortest Chi fluorescence lifetimes, while the FI 
was intermediate and the npq4-l showed the longest 
Chi fluorescence lifetimes. The residuals of the data 
fit indicated both a consistent randomization of the 
residual signs and very low error amplitudes for all 
measured frequencies for all samples . Further, the ab- 
solute error deviations were very similar for all three 
samples. The <|> residual data were divided by a factor 
of 100 to facilitate a unified scale for the histogram 
comparison in Fig. 5 b. The binned histogram analysis 
of the residuals indicated a good fit to a Gaussian 
shape (see caption) with symmetric tail regions. The 
Gaussian distribution ofthe residual error distribution 
justified the use of the least-squares norm. 

The data set was further analyzed with a conven- 
tional ‘error matrix ’ analysis where the errors for each 
parameter were computed from the diagonal elements 
of the inverted covariance matrix (Draper and Smith, 
1998). All nonessential parameters corresponding 
to minor fractional intensity contributions (<10 %) 
did not correlate with <J> or M and were fixed for the 
matrix analysis. Table 1 shows the key results of the 
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Residual bin value Violaxanthin deepoxidation 



Fig. 5. Graphical representations of phase and modulation data and their global statistical analysis obtained with thylakoid membranes 
isolated from Arabidopsis thaliana wild-type (WT), PsbS-defkient npq4-l and the FI generation of the two parent lines with 65% of 
the WT PsbS titre. Panel (a) shows the phase shift (squares) and demodulation ratio (diamonds) as a function of modulation frequency 
for each of the WT (open), npq4-l (gray) and FI (black) symbols. The residual errors are shown in tlie sub-panel and the phase error 
values were divided by 100. Panel (b) shows the binned histogram (symbols and drop lines) of the residual error values and the best 
fitting Gaussian distribution (line) to illustrate the normality and symmetry of the error distribution. The histogram comprised 420 
residual error values sorted into 100 bins each bin separated by an interval of 0.001: the second chi-square fit to a Gaussian shape 
was =0.207 (Gilmore et al. 2000). Panel (c) shows the lifetime-weighted fluorescence lifetime distribution profiles, Jx(x) t for the WT 
(solid), npq4-l (gray) and FI (dashed) samples corresponding to the model used to fit the data in Panel a; note the data corresponding 
the Y state is shown on an expanded scale in (c). The W, X and Y states are defined in the text. Panel (d) shows the integral fractional 
intensity parameter values plotted as a function of violaxanthin deepoxidation and representing the best fit model for each of the WT 
(open, thin line), npq4- 1 (gray, dashed line) and F 1 (black, thick line) samples. The binding constant values representing the best global 
lit for each sample are shown in Panel (d). Matching parameter values and statistics of the nonlinear global optimization are shown in 
Table 1. (Also see Li et al.. 2002a.) 



error analysis for this data set. The errors associated of 420 points and the F-test indicated a close correla- 

with the Lorentzian fluorescence lifetime distribu- tion between the sample and model prediction, 

tion parameters for the W, X and Y states were in the Figure 5c is a graphical presentation of the fluo- 

tens of picoseconds and indicated a clear, statistical rescence lifetime distribution parameters in Table 1 

resolution of all the major modes. Likewise, the bind- corresponding to the [W], [X] and [Y] states for the 

ing constants for the WT and FI samples were also experimental (|> and Mdata in Fig. 5a. The model fit 

reasonably well separated outside the variation limits included constraining the maximal conversion of [ W] 

defined by their standard errors of around 1 0 %. The to [X] based on the measured levels of the PsbS, i.e., 

non-linear correlation coefficient for the sample size a maximum of 65% for FI and 0% for npq4-l . The 
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model also includes other minor amplitudes of longer 
lifetime components, and a very fast energy transfer 
component (<10 ps), that was not correlated with 
the model equation parameters. The changes in the 
width and mode parameters for the Wto X conversion 
were attributed to the pH-dependent conformational 
changes to PS II associated with the PsbS protein. 
The model indicated that compared to the WT the 
FI exhibited a reduction in the conversion of W to 
X and consequently the X to Y conversion was also 
inhibited. The change in the mode values, from X to 
Y, are attributed to both the conformational changes 
and the increased rate constants of heat dissipation 
exhibited by PS II when a Z or A molecule binds to the 
PsbS associated site. The data in Fig. 5d illustrate the 
relative amplitudes of the W, X andY fractions for the 
three sample materials relative to the total amount of 
V that is converted to Z+A for each sample. It is clear 
the npq4-l exhibits strongly inhibited pH-dependent 
changes in the fluorescence lifetimes (or steady state 
intensity) under these conditions. Further, it is clear 
that the F 1 exhibits a significantly inhibited fractional 
intensity conversion relative to V deepoxidation. 

The data of Fig. 5 are consistent with the idea that 
the PsbS level influences fractional PS II conversion 
in a manner that is directly proportional to and depen- 
dent on the PS ITPsbS concentration ratio. It is clear 



that the binding isotherm derived by Gilmore et al. 
(1998) provides a framework for accurately predicting 
the interactions among the [Z+A], [PsbS] and intra- 
thylakoid pH. Hence we conclude that the putative 
[CP protein] associated-site identified by Gilmore et 
al. (1998) can be assigned to the [PsbS protein] as- 
sociated site in the model analysis described in Table 
1 and Fig. 5 (Li et al., 2000, 2002a). It is my strong 
contention, however, that reports of ApH-dependent 
and xanthophyll cycle-independent energy dissipa- 
tion components (N. Mohanty and Yamamoto, 1996; 
Richter et al., 1999; Bukhov et al., 2001) are not 
physiologically significant in higher plants since they 
are not observed in vivo 1) when PsbS is deleted in 
Ambidopsis (Li et al., 2000, 2002a, 2002b), 2) when 
lutein and zeaxanthin are both deleted in Arabidopsis 
(Pogson and Rissler, 2000; Gilmore, 2001; Niyogi 
et al., 2001) or when antheraxanthin formation is 
inhibited in Mantoniella squamata (Goss et al., 
1998;Gilmore and Yamamoto, 2001). Moreover, RC 
quenching is inhibited in vitro when systems contain 
in vivo levels of exogenous sodium ascorbate further 
indicating that the latter effects are not physiological 
(Mohanty and Yamamoto, 1996; Gilmore, 2001). 



Table 1. The matrix-error coefficients for the W, X and Y Lorentzian fluorescence lifetime dis- 
tribution parameters from thylakoids of Arabidopsis wild-type (WT), the PsbS deletion mutant 
npq4-l and the semidominant FI morph containing 60 to 70% of the wild type levels of PsbS. 
(See Li et al., 2002a.) 



Parameter 


Value (units) 


Standard Error Coefficient of Variance % 


Y- Lorentzian width 


0.641 


(ns) 


0.085 


13.280 


Y- Lorentzian mode 


0.334 


(ns) 


0.063 


18.970 


X- Lorentzian width 


0.075 


(ns) 


0.032 


42.053 


X- Lorentzian mode 


1.600 


(ns) 


0.031 


1.969 


W- Lorentzian width 


0.362 


(ns) 


0.023 


6.271 


W- Lorentzian mode 


1.740 


(ns) 


0.006 


0.330 


WT 


5.588 


(Ka) 


0.630 


11.265 


FI 


2.270 


0s) 


0.262 


11.543 


Npq4- 1 


0 




NA 


NA 


Nonlinear Correlation 
F-test 

N sample size 


0.999385 

682067.4801 

420 


0.231004 
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C. Global Frequency Domain Analysis II: Win- 
ter Deacclimation of Photosystem II Activity 

The most compelling example of ‘synergy,’ with 
respect to physiologically relevant effects of light- 
stress, is the synergy among the down-regulation, 
downsizing effects and the efforts to effect protein 
liquidation, Chi reorganization and seasonal inactiva- 
tion associated with high-light acclimation of plants in 
winter. The compound effects are exemplified by the 
room-temperature fluorescence lifetime distribution 
analysis during winter deacclimationofthe evergreen 
species, Eucalyptus pauciflora, commonly known as 
snow gum (Gilmore and Ball, 2000 ). 

Figure 6 shows the fluorescence lifetime fractional 
intensity (a) and lifetime-weighted fractional intensity 
profiles (b) from PS II as they gradually change over 
a 4 day recovery period during the process of winter 
deacclimation under ambient temperature and low- 
light condition. At time = 4 h (lowest traces in Figs. 
6a and b) the fractional intensity was dominated by 
a component (Cl) centered less than 0.2 ns; due to 
the rapid decay rate of this component, its presence 
was most clearly resolved in the plots of fractional 
intensity as a function of time, i.e.,/(t) in Fig. 6a com- 
pared to the plots of the lifetime-weighted fractional 
intensity as a function of time. /x (x) in Fig. 6b. The 
recovery time in hours is next to the traces in Fig. 6a 
and the integrated fluorescence lifetime, calculated 
according to Eq. 8, is shown next to the traces in Fig 
6b. At the beginning of the recovery period, the inte- 
gral lifetime was around 300-400 ps. With increasing 
time, the fractional intensity profile was dominated 
by an intermediate component (C2) centered around 
1 ns, that formed at the expense of C 1 . Subsequently 
the 2.5 ns distribution component C3 emerged as 
the predominating component at the expense of 
both Cl and C2. This representation of the lifetime 
distribution data complements the earlier published 
version (Gilmore and Ball, 2000) because this dual 
representation accentuates components with strong 
amplitudes at shorter fluorescence lifetimes enabling 
us to present a more detailed analysis of the prominent 
changes observed in the first 24 h period. 

It was clear from simultaneous determinations of 
the xanthophylls (Fig. 6c) that the rapid decrease in 
the Cl component correlated most strongly with the 
decrease in [Z+A]; however, significant amplitude 
of Cl persisted throughout the recovery period. Fig. 
6d shows that the PS II quantum efficiency, F v /F m 
exhibited the most rapid excursions in the first 24 
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hours. The 77K spectral signatures and HPLC 
(high performance liquid chromatography ) analysis 
(Gilmore and Ball, 2000; Gilmore et al., 2003) also 
clearly indicate the massive loss of Chi, especially 
Chi b, on a per leaf area basis; the chlorosis serves 
as evidence of either enzymatic (proteolytic) and or 
oxidative damage, the latter likely associated directly 
with frost damage patterns in the leaf (Lutze et al., 
1998). We suspect, therefore, that the energy dis- 
sipation processes responsible for the more rapid 1 
ns lifetime distribution mode (C2) compared to the 
2.5 ns mode (C3) may be more strongly related to 
aerobic photoinhibition effects associated with Chi 
and protein oxidation (Gilmore et al., 1996a) than 
to xanthophyll cycle-dependent energy dissipa- 
tion, which itself appears most strongly correlated 
with the Cl component. The 77K spectral changes 
shown by Gilmore and Ball (2000) and Gilmore et 
al. (2003) indicate that the core antenna structure 
of PS II changes relatively slowly to the functional 
phenotype over the 4 day deacclimation, consistent 
with slower C2 conversion to C3 in Figs. 6a and b. 
We speculate that the slower changes are probably 
mainly due to D1/D2 resynthesis and reassembly of 
functional PS II units. 

The inactivated PS II species, tentatively assigned 
to C 1 above, may exist in a state where the Z and A are 
locked into a ApH-independent stable conformation 
for energy dissipation; independent evidence to sup- 
port this hypothesis stems from studies of pine trees 
during winter acclimation where special aggregated 
(and possibly oxidized or phosphorylated) forms of 
the PsbS protein increase by a factor of twenty along 
with the level of Z+A (Ottander et al., 1995). Other 
reports suggest that phosphorylation of key PS II 
proteins including D1 and some of the minor CP 
proteins may facilitate a ApH independent binding 
and energy dissipation by Z+A in PS II; the struc- 
tural or conformational modification of the protein, 
associated with oxidation and or phosphorylation, 
may ‘stick’ the protein in a conformational state 
that is constitutively active for xanthophyll binding 
(Xu et al., 1999; Adams et al., 2001; Ebbert et al., 
200 1 ). It is clear the ‘cold-hard-band’ at 7 1 5 mn and 
the sub-ns lifetime distribution modes (Cl and C2) 
are characteristic of the winter storage and protec- 
tive state for the PS II Chi that is used to facilitate 
the reorganization, resynthesis and reactivation of 
functional PS II units upon return to ambient growth 
conditions (Gilmore and Ball, 2000; Matsubara et al., 
2002; Gilmore et al., 2003). 
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Fluorescence lifetime, ns 




Recovery time, h 

Fig. 6. Graphical representation of time-resolved chlorophyll a fluorescence data, xanthophyll cycle pigment changes and PS II quan- 
tum efficiency obtained from intact leaf tissue of Eucalyptus pauciflora during a four day winter deacclimation period. Gilmore and 
Ball (2000) previously described the data set and experiment. Panel (a) shows the fractional intensity as a function of the fluorescence 
lifetime, /(x) for leaf samples collected at the times shown to the right of the panel (in hours) following the beginning of deacclima- 
tion under laboratory conditions consisting of room-temperature and low-actinic light intensities. Panel (b) shows the same data as in 
(a) plotted as the lifetime weighted intensity fraction as a function the fluorescence lifetime,/^. The integral of fz(x) calculated for 
and corresponding to each leaf sample is shown at the left of Panel (b). Panel (c) shows the relative xanthophyll cycle composition for 
antheraxanthin (A), zeaxanthin (Z) and violaxanthin (V) as a function of the recovery time for the samples corresponding to Panels (a) 
and (b); pigment data were collected by HPLC (Gilmore and Yamamoto 1991b) from samples that were frozen immediately following 
the fluorescence lifetime measurement. Panel (d) shows the PS II quantum yield calculated as F v /F m and plotted as a function of recov- 
ery time for the leaf samples; F v 7F ni and measured immediately prior to vacuum infiltration of the samples and fluorescence lifetime 
determination. (Also see Gilmore and Ball, 2000.) 
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Interestingly, other studies strongly suggest that 
somehow zeaxanthin or [5-carotene is directly asso- 
ciated with the processes that retard D1 turnover in 
PS II (Trebst and Depka, 1997; Jahns et al., 2000). 
It is clear that the protein structure and modification 
factors associated with winter (de (acclimation are 
in need of further study. Further and also in need of 
investigation are reports of relationships between 
putative ApH-dependent energy-dissipation com- 
ponents associated with the PS II reaction center 
charge-separation processes and sustained energy 
dissipation components that develop from these 
long periods of light-exposure (Richter et al., 1999; 
Bukhov et al., 2001). 



V. Conclusions and Future Research 

A. Conclusions 

The central theme of this chapter has been the 
four-point plan (1 (‘Down-Regulation’: Attenuation 
of Light-harvesting through Heat Dissipation; (2) 
‘Down-Sizing’ : Attenuation of the Light-Harvesting 
Antenna Size; (3) Tncreased-Productivity’: Electron 
Transport, C0 2 Fixation and Photochemistry; and (4) 
‘Liquidation’: PS Il-inactivation, Reaction Center 
Degradation and Chlorosis. The plan describes the 
adjustments to PS II (and PS I) in response to excess 
light conditions and how the response profile can be 
effectively dissected to gain new insight using the 
tools of time- and wavelength-resolved fluorescence 
spectroscopy and their global analyses. The underly- 
ing pattern of excess light response and acclimation 
indicates interplay of feed back and feed-forward 
regulatory processes with a common aim to dissipate 
and or reduce the effect of excess absorbed light. 
It is clear the responses are buffered, layered and 
integrated to cover a wide physiological time-scale 
ranging from picoseconds to entire seasons . The main 
driving force or sensor is clearly the trans-thylakoid 
membrane pH gradient; in the short-term, the ApH 
triggers the initial enzymatic down-regulation re- 
sponse by titrating the population of dissipative PS II 
centers (Gilmore and Yamamoto, 1990, 1992; Gilm- 
ore et al. , 1 998). Given over acidification of the lumen, 
as may be experienced when temperatures attenuate 
trans-thylakoid proton leaks and ATP consumption 
(Gilmore and Bjorkman, 1 995; Demmig-Adams etal., 
1996), the next layer of protection is regulated by the 
back-pressure of the ApH on the intersystem electron 
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transport chain. The well-characterized excitation 
pressure effects are believed to primarily involve the 
redox state of plastoquinone which regulates LHC 
phosphorylation and induces the acclimatory down- 
sizing and increased xanthophyll pool sizes (Yang 
et al., 1998; Pfamischmidt et al., 1999; Wilson and 
Huner, 2000). Likewise, in the same time frame of 
days one may observe the feed-forward stimulation of 
electron transport capacity and component synthesis. 
Of course, all the natural photoprotection and accli- 
mation responses have definable physical limits and 
often natural and man-made environmental stresses 
overload the system leading to inevitable breakdown. 
The breakdown and regenerative capacities exhibit 
several layers of severity ranging from irreversible 
bleaching and death to the potential complete recov- 
ery of photosynthetic efficiency by preserving Chi 
and resynthesizing active PS II centers following a 
seasonal photosynthetic hiatus (Ottanderetal., 1995; 
Gilmore and Ball, 2000; Matsubara et al., 2002). 

B. Future Research 

The future goals and plans center around three key 
aspects: technical and instrumental improvements; 
advances in the field relating to global statistical 
data analysis; and hopeful breakthroughs in the areas 
pertaining to molecular engineering and physical 
structure-function characterization and biochemical 
analysis. Regarding the first aspect, it is anticipated 
that major breakthroughs will be achieved with 
respect to miniaturization and portability of solid- 
state time- and wavelength resolved instruments 
to facilitate field and remote determinations on the 
pico-nanosecond time scale. (For information on 
remote sensing, see Chapter 16, Moya and Cerovic.) 
Further aims to increase time-resolution and reduce 
data acquisition times are of considerable interest; 
here it is important to note that diode laser technol- 
ogy may facilitate further significant improvements 
as have recently been demonstrated for both the 
time- and frequency domain examples in this chapter. 
It is equally important to continue to develop more 
efficient global analysis programs to facilitate more 
rapid error minimization, parameter searching and 
residual error analysis. By the same token, there 
is always the goal to derive and employ the most 
completely-reduced model, much like deriving and 
simplifying an equation to the minimum number of 
terms. This is in line with the importance of reducing 
the free parameters, which facilitates increased ef- 
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ficiency for error analysis and mi n i miz es the impact 
of other well-known problems associated with model 
over-parameterization. 

Finally, as indicated above the main control 
points and symptoms and many of the actual genes 
and biosynthetic pathways influencing the cascade 
of effects associated with excess light acclimation 
have already been discovered but remain exten- 
sively uncharacterized (Niyogi, 1999; Muller et al., 
2001; Chapter 20, Golan et al.). In conclusion, we 
emphasize the continued and enhanced employment 
of time- and wavelength resolved spectroscopy and 
global analysis to elucidate and characterize future 
mutants and unique organisms as they are likely to 
elucidate the processes of 1) light harvesting, 2) 
energy dissipation, 3) xanthophyll conversion and 
binding, and 4) storage and functional regeneration 
of photosynthetic proteins as observed with overwin- 
tering evergreens. 
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Summary 

Chlorophyll (Chi) fluorescence is an intriguing tool that can reveal information on plant performance and 
protective responses via rapid, non-intrusive measurements. Yet, if their limitations are not recognized, these 
measurements can be misleading and erroneous. A robust parameter obtained from Chi fluorescence in the field 
is the potential photochemical efficiency of (open ) Photosystem II (PS II) units, either in darkness before sunrise 
(F v /F m , where F v is variable Chi fluorescence, F m - F 0 , and F m and F 0 are maximal and minimal fluorescence, 
respectively) or during exposure to light (F v 7F m '). Changes in this potential for photochemical utilization of 
light absorbed in PS II antennae can provide insight into changes in plants’ photosynthetic performance over 
the course of the day and between seasons. Decreases in F v /F m or F v '/F m ' can be due to either increases in (the 
rate constant for) photoprotective energy dissipation or to decreases in (the rate constant for) photochemistry, 
and it is not possible to discern between these two possibilities without additional accompanying measures. 
Without a doubt, predawn depressions in PS II efficiency F v /F m suggest that the plant is experiencing stress, 
but the nature of the stress and the underlying mechanism responsible for the depression in PS II efficiency 
require additional investigation before any conclusions can be drawn. The determination of thermal energy 
dissipation activity from non-photochemical quenching (NPQ) is useful, but requires a control F m value deter- 
mined prior to sunrise that is folly relaxed. If the plant is under any stress at all, it is often impossible to obtain 
a folly relaxed F m value. Photochemical quenching q p is sensitive to underestimation (overestimation of the 
degree to which PS II is reduced ) at high levels of energy dissipation activity, and its utilization to estimate 
PS II electron transport rates should be viewed with caution. 



I. Introduction 

The recognition that Chi fluorescence emission 
characteristics change with the onset of photo- 
synthesis during a dark-light transition dates far 
back in history. For many years, Chi fluorescence 
was studied during such induction phases (see, e.g., 
Papageorgiou, 1975; various chapters in Govindjee 
et al., 1986). However, the approach used then was 
limited in several respects. While it was possible to 
obtain an accurate measure of the minimal level of 

Abbreviations: Chi - chlorophyll; F - steady-state level of 
fluorescence in the presence of light; F m maximal level of 
fluorescence measured in darkness; F m ' - maximal level of fluo- 
rescence measured in the presence of light; F 0 - minimal level 
of fluorescence measured in darkness; F 0 ' - minimal level of 
fluorescence measured upon rapid transition from light to dark- 
ness; F v - variable fluorescence determined in darkness, F m F 0 ; 
FyF m - potential photochemical efficiency of open PS II units, 
determined in darkness; F v ' - variable fluorescence determined 
during exposure to light, F m ' -F 0 '; F v 7F m ' -potential photochemi- 
cal efficiency of open PS II units determined during exposure to 
light; k D - rate constant for thermal de-excitation of excitation 
energy in PS II antennae; k v - rate constant for photochemistry; 
kj - rate constant for transfer of excitation energy from PS II to 
PS I; NPQ nonphotochemical quenching of fluorescence; PFD 
photon flux density; PS I - Photosystem I; PS II - Photosystem 
II; q E - coefficient of energy-dependent quenching; qj - coef- 
ficient of ‘photoinhibitory’ quenching; q^ q^ - coefficient of 
nonphotochemical quenching of fluorescence; qp - coefficient 
of photochemical quenching of fluorescence; q T - coefficient of 
‘state 1 -state 2’ transition-related quenching 



fluorescence (termed O or F 0 in such analyses), the 
maximal level of fluorescence (termed P or F p ) was, 
due to rapid re-oxidation of PS II, difficult to obtain 
from leaves exposed to natural sunlight or an actinic 
light source (although it was possible to obtain F m 
using inhibitors of electron transport or by freezing 
photosynthetic tissue to 77K with liquid nitrogen, 
see below). It was also not recognized that the mini- 
mal level of fluorescence could further decrease in 
response to high light exposure. Furthermore, the 
absolute levels of fluorescence varied depending 
on the amount of actinic light absorbed by Chi; the 
more light absorbed, the more fluorescence was emit- 
ted. Thus any attempt to quantitatively monitor the 
quenching of F m or F 0 in response to higher light was 
obfuscated by the increased fluorescence emission 
resulting from the absorption of more photons. Thus, 
analyses of fluorescence in response to changes in 
photon flux density (PFD ), as well as any assessment 
of fluorescence changes under naturally fluctuating 
light conditions, were of little value. 

A more standardized and quantitative approach 
to fluorescence analysis was introduced through the 
assessment of fluorescence emission from algae, 
chloroplasts, and leaves frozen to 77K (the use of 
an electron transport inhibitor [e.g. dichlorophenyl- 
dimethylurea, DCMU] at room temperature, although 
not well-suited for intact leaves, could achieve the 
same result). Warren Butler and his co-workers put 
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such analyses on a theoretical basis with their elegant 
studies in the 1970s (Kitajima and Butler, 1975; see 
Chapter 12, Strasser et al., for a full account), deduc- 
ing that the ratio of variable to maximum fluorescence 
reflects PS II photochemical efficiency. The utility of 
this model for intact leaves was best demonstrated 
by Bjorkman and Demmig (1987) in a multi-spe- 
cies comparison, yielding a close linear relationship 
between the photon yield of photosynthetic oxygen 
evolution and the efficiency of PS II as assessed 
through the ratio of variable to maximal fluorescence 
[(F m - F 0 )/F m or Fy/FjJ. 

Freezing of the tissue to 77K insured that the 
maximal level of fluorescence emission (F m ) could 
be obtained, and the utilization of a ratio such as 
F v /F m provided for a standardization that eliminates 
concern relating to the absolute level of fluorescence 
emission. Absolute fluorescence yields in intact 
leaves can be affected by artifacts associated with 
the penetration of light into the leaf and interception 
and absorption of emitted fluorescence by Chi as 
both forms of radiation pass through such a complex 
system consisting of multiple layers of chloroplast- 
containing cells surrounded by a cuticle-covered 
epidermal layer (Weis, 1985). However, the studies 
by Bjorkman and Demmig demonstrated that the 
absolute level of maximal and minimal fluorescence 
(F m and F 0 ) across the blade of an evenly green leaf 
can be quite constant, thus allowing an evaluation of 
changes in the rate constants for energy dissipation 
and photochemistry in response to exposure to light 
or light and other stresses, as long as the comparison 
was within the same leaf tissue or similar tissues 
from the same plant (Bjorkman, 1987a, b). Although 
phenomena such as chloroplast movements (Brugnoli 
and Bjorkman, 1992) and ‘state changes’ or ‘state- 
transitions’ (alteration of the level of connectivity 
between the light -harvesting Chi-protein complexes 
and PS II reaction center cores; Andrews etal., 1993; 
Chapter 1 7, Allen and Mullineaux ) have the potential 
to influence the absolute levels of fluorescence emis- 
sion (see Section II), their impact on such levels is 
minimal under natural conditions compared with the 
influence of photochemical and non-photochemical 
quenching processes. 

77K fluorescence analysis was used in several 
studies to examine the response of plants to natural 
field conditions (Adams, 1 988; Adams et al., 1987a, 
1988; Bjorkman et al., 1988; Smillie et al., 1988). 
However, technological advances soon rendered this 
approach obsolete. One major drawback to using 77K 
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fluorescence was that the technique necessitated the 
darkening of the sample prior to freezing, such that it 
was not possible to assess rapidly relaxing phenom- 
ena. Furthermore, the technique also required the 
destructive sampling of the tissue. This was remedied 
by Ulrich Schreiber who developedapulse-amplitude 
modulated (PAM) Chi fluorescence measuring sys- 
tem that could be used on leaves in the presence or 
absence of actinic light (Schreiber, 1986; Schreiber et 
al., 1986; Chapter 11, Schreiber). The beauty of this 
system is that a low intensity measuring beam and 
a detector are synchronized at a common frequency 
so that the absolute level of fluorescence detected is 
independent of the level of absorbed actinic light, 
except through its effects on those processes that are 
of interest, e.g. photochemistry, energy dissipation, 
etc. Examples of fluorescence signals obtained in 
this manner are shown in Fig. 1 . 

It was possible, yet cumbersome, to utilize this 
original, laboratory-based fluorescence system under 
field conditions with the appropriate power supply 
and, for measurements made in the light, sufficient 
stands and clamps to maintain the fiber-optics in 
a fixed position relative to the photosynthesizing 
surface (Adams et al., 1988, 1989; Bjorkman and 
Schafer, 1989; Demmig-Adams etal., 1989a; Winter 
and Lesch, 1992; Bjorkman and Demmig-Adams, 
1994). Later, the introduction of a portable, battery- 
operatedPAM fluorometer (Bilger etal., 1995 ) greatly 
facilitated the use of Chi fluorescence in the study of 
photosynthesis and photoprotection under actual field 
conditions in situ in a wide variety of plant species 
in response to many different environmental condi- 
tions (Fig. 1; Demmig-Adams etal., 1995, 1996a, b, 
1999; Demmig-Adams and Adams, 1996a,b; Barker 
and Adams, 1997; Logan et al., 1997, 1998a, b,c; 
Adams and Barker, 1998; Barker et al., 1998, 2002; 
Demmig-Adams, 1998; Verhoeven etal., 1998, 1999; 
Adams et al., 1999, 2001a,b, 2002; Niinemets and 
Kull, 2001). 



II. Regulation of Excitation Energy Transfer 
within Photosystem II Complexes 

Chi fluorescence yield can be decreased or ‘quenched’ 
through several different mechanisms. One is through 
utilization of excitation energy for photochemistry 
(photochemical quenching, with its coefficient q r , 
previously called q Q ), and the other is through what 
is termed non-photochemical quenching (NPQ), 
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Fig. I. Idealized traces of Chi fluorescence obtained using a pulse- 
amplitude modulated (PAM ) fluorometer. Following establishment 
of the electrical baseline for the instrument, the measuring beam 
is turned on in the presence of a background of low level far-red 
light, yielding the minimal level of F 0 fluorescence in predawn 
darkness or the steady state level of fluorescence (F) while the 
leaf is absorbing direct sunlight. A pulse of saturating light is 
applied to obtain the maximal level of fluorescence in predawn 
darkness (F m ) or while absorbing sunlight (F m ' for the summer 
noon example). To obtain the minimal level of fluorescence while 
the leaf is absorbing light (F 0 '), the leaf is darkened rapidly in 
the presence of a background of far-red light (see summer noon 
example). For the traces shown here, if the summer predawn level 
of F m is set to 1 0 units, then the summer predawn level of F 0 is 
equal to 2 units, yielding a PS II efficiency of 0.8 or 80 percent 
(from [F m - FJ/F m or F v /F m ), i.e. the level of F (> as a fraction of the 
level of F m represents the inefficiency of the system (20%) in the 
potential utilization of absorbed light. For the noon assessment of 
Chi fluorescence, the F level is equivalent to 1.95 units, the F m ' 
level is equal to 2.5 units, and the F 0 ' level is 1.4 units, yielding 
a PS II efficiency F v 7F m ' = 0.44, and an NPQ determined from 
the Stern- Volmer quenching of F m from its predawn level to the 
noon level of F m ' (F m /F m '-1 ) equal to 3.5. For the winter predawn 
assessment of Chi fluorescence, F m is equal to 1.9 units and F 0 
is equal to 1.24 units, yielding a PS II efficiency F V /F nl of 0.35. 
For the latter assessment, it is not possible to calculate the level 
of NPQ because a fully relaxed level of F m cannot be obtained 
when PS II remains in a state primed for energy dissipation as 
indicated by the sustained quenching of fluorescence. It would 
furthermore be incorrect to utilize the winter predawn level of 
F m in conjunction with any F m ” determined later in the day to 
calculate NPQ. 

reflecting thermal de-excitation pathways. NPQ has 
been computed in several different ways. One of 
these defined a coefficient for non-photochemical 
quenching (q N , or q NP as l-[F m ' - F 0 ']/[F m - FJ) that 



has been subdivided into component parts (Krause 
and Weis, 1991; Muller et al., 200 1 ; also chapters by 
Baker and Oxborough, Bruce and Vasil’ev, Krause 
and Jahns, Niyogi et al., and Schreiber) designated as 
q t (energy-dependent quenching), q, (‘photoinhibi- 
tory’ quenching), and q T (‘state 1 -state 2’ transition- 
related), based largely on the kinetics of fluorescence 
quenching relaxation upon the removal of excitation 
energy. However, as will be described below, the major 
contributors to q N in higher plants (q E and q,), are both 
associated with zeaxanthin-dependent energy dissipa- 
tion. Furthermore, large further increases in thermal 
dissipation activity result in ever smaller increments 
of q N increases as q N approaches 1 (Demmig-Adams 
et al, 1989c, 1996a). 

A. Thermal Energy Dissipation as Assessed 
from Non-Photochemical Quenching (NPQ) 
of Chlorophyll Fluorescence 

Because q N exhibits only small further increases at 
higher levels of fluorescence quenching, other param- 
eters were explored that increased proportionally with 
increasing levels of thermal energy dissipation. One 
of these was the rate constant for energy dissipation in 
the pigment bed, or k D (Kitajima and Butler, 1975; for 
equations, see Chapter 12, Strasser et al.). Bjorkman 
(1987a,b) applied this approach to leaves subjected 
to light stress, light stress in the absence of terminal 
electron acceptors, and light stress in plants sub- 
jected to water stress. Adams et al. (1989) examined 
changes in k D in plants subjected to natural changes 
in incident sunlight. The involvement of zeaxanthin 
in thermal energy dissipation was postulated when 
it was discovered that changes in PS II efficiency 
(Demmig et al., 1987) and k D were correlated with 
the level of zeaxanthin present in leaves under a wide 
variety of controlled conditions (Demmig et al., 1988; 
Demmig-Adams et al., 1989b, c,d,e). 

A new approach to quantifying the level of non- 
photochemical quenching of Chi fluorescence, Stern- 
Volmer quenching calculated as F m /F m '- 1 (compare F m 
predawn with F m ' at noon for summer in Fig. 1 ), was 
employed by Bilger and Bjorkman ( 1 990). Designated 
as NPQ, this parameter is more straightforward to 
calculate than k D , and is also directly proportional to 
the level of energy dissipation activity in a leaf. One 
can also easily quantify the Stern-Volmer quench- 
ing of F 0 (compare F 0 ' at noon with F 0 at predawn in 
the summer in Fig. 1), which occurs simultaneously 
with quenching of F m when thermal energy dissipa- 
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tion is occurring in the antennae of PS II (Kitajima 
and Butler, 1975; Demmig-Adams et ai., 1989a, b, 
1995; Bilger and Bjorkman, 1990; Demmig-Adams 
and Adams, 1990, 1994a, 1996a; Demmig-Adams, 
1998). 

1. Relationship between NPQ and the Xan- 
thophyll Cycle 

Through the assessment of NPQ (and previously 
k D ; see above), positive, linear correlations were 
established between the amount of zeaxanthin (and 
antheraxanthin) present in a leaf and the total level 
of thermal energy dissipation activity (Bilger and 
Bjorkman, 1991, 1994; Demmig-Adams and Adams, 
1994a, b; see Fig. 2). A role of zeaxanthin in thermal 
energy dissipation was supported through the use of 
dithiothreitol (DTT), a strong reductant that inhibits 
the activity of violaxanthin de-epoxidase, thus block- 
ing the conversion of violaxant hi n to zeaxanthin 
(Yamamoto and Karnite, 1972). Introduction of 
DTT to intact leaves inhibited not only the forma- 
tion of zeaxanthin, but also the majority of NPQ 
and thus thermal energy dissipation (Bilger et al., 
1989; Adams et al., 1990a; Bilger and Bjorkman, 
1990, 1991, 1994; Demmig-Adams and Adams, 
1990; Demmig-Adams et al., 1990a, b; Gilmore and 
Yamamoto, 1993). Results consistent with a role of 
zeaxanthin in energy dissipation were also obtained 
from studies of cyanobacteria that do not possess 
the xanthophyll cycle but can synthesize zeaxanthin 
from p-carotene when grown at higher PFDs (Adams 
et al., 1993). Cyanobacteria containing zeaxanthin 
exhibited thermal energy dissipation, whereas those 
without zeaxanthin did not (Demmig-Adams et al., 
1990b, c; Demmig-Adams and Adams, 1990). 

Recently a central role of zeaxanthin in energy dis- 
sipation has been directly established through mutant 
and transgenic plants that do not form, or form very 
little, zeaxanthin (Niyogi et al., 1998, 2001; Verho- 
even et al., 2001; Govindjee and Seufferheld, 2002; 
Chapter 20, Golan et al.). Whereas such plants can 
grow and exhibit little effects on photosynthesis under 
favorable conditions (Sun et al., 2001), they appear 
to do so through upregulation of other compensatory 
protective mechanisms and show necrotic leaf damage 
when subjected to more extreme stress (Havaux and 
Niyogi, 1999; Verhoeven et al., 2001). 



2. Problems in Calculating NPQ in Leaves 
with Sustained Depressions in F v /F m 

C omputation of NPQ is dependent upon obtaining a 
dark-adapted control value of F m in which the system 
is in a fully relaxed state. If the starting, dark-adapted 
F m value is depressed for any reason (e.g. winter in 
Fig. 1), then all assessments of the level of energy 
dissipation based on the calculation of NPQ will be 
underestimated (see discussions in Adams and Dem- 
mig-Adams 1995; Adams et al. 1995a). For plants 
grown under controlled conditions in a glasshouse 
or growth chamber, obtaining a non-quenched and 
thus maximal value of F m is usually simply a matter 
of removing the plant from high light (e.g. transfer 
to darkness) for a sufficiently long enough period 
of time for disengagement of energy dissipation 
through a rapid decrease in the pH gradient across 
the thylakoid membrane. 

For plants experiencing additional stresses, and 
especially woody perennials, the engagement of en- 
ergy dissipation activity is apparently not as readily 
reversible. These additional stresses include limiting 
water availability (Demmig et al., 1988) and sink- 
limiting conditions (potted plants with insufficient 
rooting volume, personal observation by the authors). 
Even at predawn, i.e., after a long dark period, such 
plants can exhibit (a) less than maximal levels of PS II 
efficiency F v /F m and (b) retention of considerable 
levels of zeaxanthin + antheraxanthin. This does not, 
per se, prove that PS II remains in the state primed 
for thermal energy dissipation, but the possibility 
must be seriously considered that a sustained level of 
NPQ is present even after prolonged dark exposure. 
It is thus likely that F m levels in these leaves do not 
represent the true maximal levels of F m . Under natural 
conditions in the field, it is often difficult to obtain 
fully relaxed values of F m from woody perennials, 
except during periods of rapid growth (e.g. spring 
flush). Few, if any, environmental constraints to 
growth are present when plants are growing rapidly, 
and complete relaxation of Chi quenching occurs 
overnight. During other times, such as mid-summer, 
the nocturnally-sustained depressions of F v /F m and 
zeaxanthin + antheraxant h i n retention may be minor 
in moderate climates. 

Under more severe conditions of stress, however, 
the nocturnally-sustained depression of LJT m and 
zeaxanthin + antheraxanthin retention can be sub- 
stantial. This can occur in response to water stress 
(Adams et al., 1987a), but has been especially well 
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Fig. 2. Diurnal changes in energy dissipation activity as assessed through the Stern-Volmer quenching of F m (NPQ), PS II efficiency 
(F v /F m predawn and following sunset, and F v 7F m ' during daylight), and in the conversion state of the xanthophyll cycle where Z = zea- 
xanthin, A = antheraxanthin, and V = violaxanthin. Species such as sunflower have relatively high rates of photosynthesis (high rates 
of utilization of absorbed sunlight) and exhibit a lesser conversion of the xanthophyll cycle to zeaxanthin and antheraxanthin, lower 
levels of thermal energy dissipation, and smaller decreases in PS 11 efficiency (F v YF m ' ) when exposed to full sunlight. Sclerophytic 
species such as the ornamental shrub Euonymus kiautschovicus shown here have lower rates of utilization of absorbed sunlight in pho- 
tosynthesis, and convert almost all of the xanthophyll cycle to zeaxanthin and antheraxanthin during exposure to full sunlight coupled 
with higher levels of energy dissipation (NPQ) and greater decreases in PS II efficiency F v 7F m '. Both species were exposed to similarly 
high levels of radiation at midday (full sunlight), but sunflower exhibited a broader response due to diaheliotropism. Data redrawn from 
Demmig-Adams et al. (1999). 



documented in evergreen species experiencing winter 
stress (Adams and Demmig-Adams, 1994, 1995; 
Adams et al., 1995a, 200 1 a, b, 2002; Ottander et al., 
1995; Verhoeven et al., 1996, 1998, 1999; Adams 
and Barker, 1998; Logan et al., 1998a; see Fig. 1). 
We have therefore suggested the use of PS II ef- 
ficiency, as either F v /F m (in the dark) or F v 7F m ' (in 
the light), to assess the presence of thermal energy 
dissipation activity in any system with an apparent 
pre-existing, sustained level of energy dissipation. 



These ratios also provide an absolute assessment 
of PS II efficiency, and are not dependent on the 
determination of any control, non-quenched values 
of fluorescence (other than the general knowledge 
that a fully relaxed, non-quenched system will have a 
PS II efficiency of between 0.78 and 0.89, depending 
on the growth environment, species, and measuring 
system; Adams et al, 1990b; Falbel et al., 1994; see 
predawn summer in Fig. 1). 
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B. Relationship between Thermal Energy Dis- 
sipation Activity and Photochemical Efficien- 
cy of Open PS II units (from F v 7 F m 'or FJFJ 

Using an artificial quencher of Chi fluorescence, 
Kitajima and Butler (1975) developed a model de- 
ducing that increases in the level of thermal energy 
dissipation result in decreases in PS II efficiency after 
F v /F m = £p/(£ p + k D + &,.) . The photochemical efficiency 
of open PS II units can thus be lowered either by a 
decrease in the rate constant for PS II photochemistry 
(decrease in /c p ) or increases in the rate constants for 
thermal de-excitation of excitation energy in PS II 
antennae (k D ) or for energy transfer to PS I (k T ; for 
which there has been no direct evidence). This model 
has been extremely useful in interpreting changes in 
PS II efficiency under a large variety of conditions, 
as first demonstrated by Bjorkman (1987b). 

1. Rapidly Reversible Thermal Energy Dissi- 
pation and F v 7F m ' 

In the late 1980s, Demmig-Adams, Adams and co- 
workers ( Denimig- Adams et al., 1989b, c,e; 1990a; 
Adams et al., 1990a; Demmig-Adams and Adams, 
1990 ) demonstrated that most of the rapidly-induced 
and rapidly-reversible quenching of Clil fluorescence 
(the portion of NPQ, or q N , referred to as q E or pH- 
dependent quenching) correlated with the zeaxan- 
thin content of leaves. Subsequently, Gilmore and 
Yamamoto (1993) suggested that all of the rapidly 
inducible and relaxing energy dissipation (NPQ ) may 
be associated with the xanthophyll cycle if anther- 
axanthin was assumed to act as a ‘dissipator’ as well 
(see also Adams et al., 1995a; Demmig-Adams and 
Adams, 1 996a). Direct evidence for a requirement of 
zeaxanthin or antheraxanthin (and in some systems 
lutein) for the development of rapidly reversible 
non-photochemical fluorescence quenching (NPQ 
or q E or pH-dependent quenching) was provided 
by elegant studies utilizing xanthophyll-deficient 
mutants (Niyogi et al., 1997, 1998). 

The current understanding is that rapid changes in 
thermal dissipation of excitation energy are facilitated 
by a process involving zeaxanthin, the PsbS protein, 
and a transthylakoid pH gradient (Gilmore, 1997; 
Demmig-Adams and Adams, 1996c; Gilmore et al., 
1998; Li et al., 2000 ). The exact mechanism of this 
process remains to be elucidated. One speculation is 
that the PsbS protein may function as a pH sensor, 
triggering the engagement of zeaxanthin-dependent 



energy dissipation under excess light conditions 
(Chapters 20, Golan et al., and 21, Gilmore). 

Furthermore, many studies have shown that chang- 
es in NPQ and F v '/F m ' behave as mirror images, with 
increases in NPQ inversely correlated with decreases 
in F v 7F m ' (Fig. 2; Bjorkman and Demmig-Adams, 
1994; Demmig-Adams et al., 1995). Concomitant 
diurnal changes in the level of thermal energy dissipa- 
tion (NPQ or k D increase at midday ) and effective PS II 
efficiency (F v '/F m ' decrease at midday ) have been 
characterized in fully sun-exposed plants growing 
under otherwise favorable conditions (Adams et al., 
1989) as well as with concomitant diurnal changes in 
the xanthophyll cycle (zeaxanthin + antheraxanthin 
accumulation at midday; Bjorkman and Demmig- 
Adams, 1994; Adams etal., 1995a; Demmig-Adams 
et al., 1995, 1996a; Demmig-Adams and Adams, 
1996a; Barker etal., 1997; Adams and Barker, 1998; 
Demmig-Adams 1998; Verhoeven etal., 1999). The 
potentially extremely rapidly reversible nature of thi s 
response was documented through studies conducted 
in the understory of the forest, where rapid inverse 
changes in zeaxanthin-dependent energy dissipation 
(NPQ ) and PS II efficiency (F v 7F m ') were observed in 
response to rapid fluctuations in irradiance as leaves 
were alternately exposed to shading and sunflecks 
through the forest canopy (Fig. 3; Logan etal., 1997; 
Adams et al., 1999). 

2. Sustained Thermal Energy Dissipation at 
Low Temperatures and FJF m 

Gilmore and Bjorkman (1995) showed that sub- 
sequent to high light exposure, pH-dependent NPQ 
can be maintained at low temperatures in darkness 
(see also Gilmore, 1 997). Maintenance of pH-depen- 
dent NPQ in darkness was observed under experi- 
mental conditions at temperatures of 10-12 °C in a 
tropical mangrove (Gilmore and Bjorkman 1995) 
and as high as 25 °C in leaves of the tropical vine 
Monstera deliciosa grown at moderate tempera- 
tures (B. Demmig-Adams, V Ebbert, unpublished). 
Furthermore, a similar phenomenon is likely to be 
involved in overwintering leaves in the field, albeit 
at lower temperatures. Sun leaves of the mesophyte 
Malva neglecta and shade leaves of evergreen 
perennials ( Euonymus kicmtschovicus) exhibited 
cold-sustained depressions in predawn F v /F m in the 
field on nights with subfreezing temperatures that 
relaxed instantaneously upon warming of the leaves 
to room temperature (Verhoeven et al., 1998, 1999). 
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Fig. 3. Diurnal characterization of NPQ and the estimated ac- 
tual efficiency of PS II in the light (from [F m ' - F]/F m ') from a 
Stephania japonica leaf in the sunfleck-punctuated understory 
of a Eucalyptus forest in Australia. Peak PFDs reached approxi- 
mately three-quarters of full sunlight. Data redrawn from Adams 
et al. (1999). 

In contrast, sun leaves of certain evergreen species 
exhibited a different type of sustained depression of 
F v /F m that reversed only slowly upon warming and 
could not be reversed by uncoupler treatments, yet 
also exhibited a close correlation with zeaxanthin 
+ antheraxanthin retention (Fig. 4; Verhoeven et 
al., 1998, 1999; Adams et al. 2001a, b, 2002; addi- 
tional features of species displaying these different 
responses will be further discussed in Sections III. 
B.l.a,b). We have therefore proposed that sustained 
(zeaxanthin + antheraxanthin)-dependent thermal 
energy dissipation is involved in these sustained F v /F m 
depressions. As mentioned above (Section II. A. 2.), 
leaves in which sustained depressions of F v /F m and 
large quantities of zeaxanthin + antheraxanthin are 
present even after an entire night of darkness must 
be suspected to exhibit an F m level of fluorescence 
that is not fully relaxed (unquenched; see e.g. Adams 
et al., 1995a, b; Adams and Demmig-Adams, 1995). 
Without such a fully unquenched F m value, it is not 
possible to calculate the level of energy dissipation 
activity as NPQ (Figs. 1 and 4). 

That an important part of persistent decreases in 
PS II efficiency might be due to sustained energy 
dissipation was suggested in a number of studies 
from 1987 and 1988. These involved shade leaves 
that had been exposed to high light for several hours 
(Bjorkman, 1987b; Demmig and Bjorkman, 1987; 
Demmig et al., 1987; Bjorkman et al., 1988), plants 



that had been exposed to high light and water stress 
(Bjorkman, 1987a; Demmig et al., 1988; Bjorkman 
et al., 1988), and plants that had experienced high 
light stress in the field (Adams et al., 1987, 1988; 
Adams, 1988; Bjorkman et al., 1988). This inter- 
pretation relied largely on the fact that the lowered 
levels of F v /F m , or decreases in F/F m in response to 
increased levels of excess excitation energy, as well 
as increases in F v /F m during recovery from high light 
stress involved differences and/or changes in the 
levels of both F m and F 0 that were consistent with 
an involvement of thermal energy dissipation in the 
light-collecting antennae. 

3. Problems with the Assessment of F 0 

Quantification of NPQ normally only requires an 
assessment of the F m and F m ' levels of fluorescence 
(unless one is specifically interested in the Stern- Vol- 
mer quenching of F 0 ). Evaluation of PS 11 efficiency 
as either F v /F m or F v 7F m ', and the fractional allocation 
of absorbed excitation energy to thermal dissipation 
within PS II, all require an accurate determination 
of both the F m and F 0 or F m ' and F 0 ' levels. With the 
widely used method of measuring pulse-amplitude 
modulated fluorescence, the maximal level of fluo- 
rescence is readily obtained as long as the saturat- 
ing pulse is sufficiently strong and/or applied long 
enough. The minimal level of fluorescence (F 0 and 
especially F 0 ') is obtained with less assurance. 

For all determinations of F 0 fluorescence, it is 
advisable to provide a low level of far-red light to 
encourage continued oxidation of PS II by electron 
flow through PS I. In the absence of actinic light, the 
F 0 level is obtained by turning on the measuring beam 
and determining the difference between the baseline 
and the minimal level of fluorescence (Fig. 1). As 
long as the measuring beam is of a sufficiently low 
intensity, this minimal level of fluorescence will con- 
tinue at a steady-state level of emission. However, if 
the intensity of the measuring beam is too high, the 
‘minimal’ level of fluorescence will be observed to 
increase slowly, reflecting an accumulation of reduced 
or ‘closed’ PS II reaction centers. In this case, the 
intensity of the excitation beam should be lowered. 

The best approach to assessing the F 0 ' level in the 
presence of actinic light varies with light intensity. 
A rapid transition from a low level of actinic light 
to darkness (with far-red background light) typically 
results in a decrease from the steady-state level of 
fluorescence in the light to a minimal level of fluo- 
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Fig . 4. Idealized diurnal responses of the level of zeaxanthin + antheraxanthin (Z + A), thermal energy dissipation estimated from NPQ, 
and the level of PS II efficiency predawn and post dusk (F v /F m ) and during exposure to light (F v 7F m ') for leaves of a sclerophytic perennial 
species in a full sunlight-exposed habitat on a summer day with no additional environmental stress and on a day with stress that prevents 
photosynthctic utilization of absorbed light or has resulted in downregulation of the capacity for photosynthesis to such an extent that 
little absorbed light is utilized for photosynthesis. NPQ is shown with a dashed line on the day with environmental stress because it is 
not possible to actually calculate NPQ under such circumstances where the relaxed (predawn) level of F m remains in a quenched state 
due to maintenance of the PS II complexes in a state primed for thermal energy dissipation. For similar diurnal characterizations of 
several species under summer versus winter conditions, see Adams et al., (1995a, 2001a); Adams and Barker (1998); Verhoeven et al. 
(1998, 1999); and Logan et al. (1998a). 



rescence that can occur fairly rapidly but may take 
30 to 60 seconds to reach a new steady-state, i.e. the 
apparent F 0 level. On the other hand, rapid transition 
from a high level of actinic light to darkness (with 
far-red light on) results in an immediate decrease 
to a minimal level of fluorescence (F 0 '), followed 
by a relatively rapid increase (see summer noon in 
Fig. 1 ), reflective of the disengagement of thermal 
energy dissipation activity. In this case, the closest 
approximation to F 0 ' is the lowest level of fluores- 
cence observed immediately upon darkening, or 
even an extrapolated value to what F 0 ' would have 
been had relaxation of F 0 quenching not begun so 
quickly (Demmig and Winter, 1988; For additional 
discussion, see Chapter 11, Schreiber and Chapter 
18, Krause and Jahns). 

Most fluorescence instruments that rely on the 
pulse-amplitude approach utilize a red excitation 
measuring beam coupled with detection of Chi 
fluorescence emitted beyond 700 nm. Although the 
majority of F m fluorescence at ambient temperature 
is emitted from Chi associated with PS II, there is 
a significant contribution of fluorescence from PS I 
that contributes to F 0 (Adams et al., 1990; Falbel 



et al., 1994; Pflindel, 1998; Gilmore et al., 2000). 
Furthermore, this contribution is not constant. The 
degree to which PS I contributes to the F 0 fluores- 
cence depends somewhat on species, photosynthetic 
pathway, and on growth light environment (there is a 
larger contribution of PS 1 fluorescence in shade vs. 
sun leaves). The larger the contribution of PS 1 fluo- 
rescence to the total fluorescence signal, the higher 
the level of F 0 , and consequently the lower the ratio 
of F v /F m . Thus, the computed value of F v /F m from 
room temperature fluorescence is typically lower in 
shade leaves (around 0.78) than in sun leaves (around 
0.83 to 0.84), and lower in C4 compared with C3 
species (Pflindel, 1998; Bjorkman and Demmig, 
1987). The reverse is true when true separation of 
PS II and PS I fluorescence is achieved at 77K (F v /F m 
of 0.87 for shade Monstem deliciosa\ Demmig and 
Bjorkman, 1987). C4 species exhibit the highest 
level of PS I fluorescence contribution, with more 
than 50% of the F 0 signal estimated to be attributable 
to PS I fluorescence (Pflindel, 1998). Chl-deficient 
mutants with an unusually small contribution of PS I 
fluorescence exhibited F v /F m values as high as 0.86 
(Falbel etal., 1994). In 1994,Uli Schreiber developed 
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an emitter-detector unit that utilized a blue LED to 
generate the measuring beam, thus permitting detec- 
tion of fluorescence emitted in the red region of the 
spectrum. Using this modified unit, F v /F m values as 
high as 0 . 8 9 have been ascertained from shade leaves 
of Monstera deliciosa. 



III. Photoinhibition, Zeaxanthin Retention, 
and Sustained Decreases in F v /F m 

The term photoinhibition has meant many different 
things to many people (for reviews and views, see 
Kyle et al., 1987; Baker and Bowyer, 1994; Long et 
al., 1994; Osmond and Grace, 1995; Adams et al., 
1995a, 2002; Osmond et al., 1997; Marshall et al., 
2000). There are some aspects of the phenomenon 
that everyone might agree upon. For instance, all 
would probably agree that photoinhibition results 
from the exposure of photosynthetic organisms 
to excess irradiance (or absorption of more light 
than can be utilized through photosynthesis, in the 
absence or presence of additional stresses), and that 
the photoinhibitory response can entail decreases in 
energy conversion efficiency (such as decreases in 
the photon yield of photosynthesis and in F v /F m ) as 
well as, in some cases, decreases in photosynthetic 
capacity. Photoinhibition can also be accompanied by 
changes in photosynthetic protein composition (such 
as a degradation of Dl, one of the major reaction 
center II proteins and/or decreases in the competence 
of the same Dl protein). 

There are few integrative studies available that 
examine changes in PS II efficiency together with 
xanthophyll cycle conversion state and Dl levels 
and apparent activity. Ottander et al. (1995) noted 
correlations between sustained depressions of 
PS II efficiency, F v /F m , in overwintering Scots pine 
needles and sustained retention of high zeaxanthin 
+ antheraxanthin levels as well as degradation of a 
large fraction of the Dl pool. We observed a similar 
scenario for overwintering Douglas fir, with sustained 
PS II depressions associated with strong zeaxanthin 
+ antheraxanthin retention as well as Dl degrada- 
tion and strong, sustained phosphorylation of the 
remaining Dl pool (Adams et al., 2001b; W. W. 
Adams, V Ebbert, A. K. Mattoo, B. Demmig-Adams, 
unpublished). A strong, positive correlation between 
sustained depressions of F/F m and strong zeaxanthin 
+ antheraxanthin retention has also been observed in 
‘photoinhibited’ shade leaves after prolonged high 



light treatment (Demmig- Adams et al., 1998). 

It is often assumed that photoprotection by zea- 
xanthin-dependent thermal energy dissipation should 
prevent ‘photoinhibition ’ in the form of sustained 
F v /F m depressions. However, it must be noted now 
that for leaves with sustained depressions in F v /F m , a 
positive association between apparent sustained (zea- 
xanthin + antheraxanthin)-dependent thermal energy 
dissipation and D 1 modification / degradation may be 
the rule rather than an exception. Perhaps this should 
not be surprising, since evergreen leaves — that 
preserve their Chi content throughout periods of 
environmental stress — in which the photochemical 
sink for excitation energy is removed or diminished 
should be expected to employ permanently engaged, 
maximal thermal energy dissipation in their light- 
collecting complexes (e.g., Fig. 4). 

An important question is whether or not this last- 
ing disabling of PS II photochemistry in evergreen 
perennials during periods of environmental stress 
limits plant productivity. This cannot be tacitly as- 
sumed either way, yet is very difficult to address 
experimentally. Under the influence of the environ- 
mental stresses that trigger photoinhibition, growth 
of the plants is likely to be arrested independently. 
We have therefore assumed that, prior to adjustments, 
carbon fixation and energy conversion efficiency are 
in excess of what is required for the growing, metabo- 
lizing, and storing sinks within the plant under these 
environmental stresses. In this vein, photoinhibition 
of photosynthesis (and PS II) could be viewed as a 
regulatory adjustment that does not result in further 
growth reductions. 

A. Transfer from Low Growth Irradiance to 
High Irradiance 

The experimental transfer of low light-grown algae, 
leaves, plants, or isolated chloroplasts, thylakoids, 
or PS II reaction centers to high or excess light is 
the classic manner in which the phenomenon of 
photoinhibition has been induced and studied (Kyle 
et al., 1987). We will focus our discussion of high 
light-induced photoinhibition on intact leaves and 
plants. 

The fact that decreases in Dl protein levels were 
found to oc cur simultaneously with decreases in F v /F m 
suggests that these decreases in PS II efficiency are 
due in part to a loss of photochemical competence as 
D 1 levels decreased. Detailed analyses of the changes 
in the F m and F 0 levels of shade-grown leaves during 
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transfer to high light levels suggested that decreases 
in F v /F m were caused by a combination of decreases 
in the rate constant for photochemistry (k p ) and in- 
creases in the rate constant (k D ) for thermal energy 
dissipation (Demmig and Bjorkman, 1987). More 
recently, several studies have shown that the sustained 
decreases in PS II efficiency induced by exposure of 
shade-acclimated leaves to high light were associated 
with the retention of zeaxanthin and antheraxanthin, 
and that the fluorescence characteristics suggested a 
strong, sustained increase in photoprotective energy 
dissipation (Jahns and Miehe, 1 996; Demmig-Adams 
et al., 1998; Ebbert et al., 2001; see also Uhrmacher 
et al., 1995). We conclude that in shade leaves trans- 
ferred to high light a similar phenomenon can occur as 
in overwintering conifers: a combination of D1 deg- 
radation and sustained zeaxanthin-dependent energy 
dissipation. It remains to be elucidated whether this 
sustained thermal dissipation is targeted to remaining 
light-harvesting complexes subsequent to removal 
of PS II cores or whether modified/inactivated PS II 
cores themselves can be the sites of sustained dis- 
sipation as was suggested previously (Oquist et al., 
1992a; Critchley and Russell, 1994). We find it very 
attractive to speculate that PS II inactivation and sub- 
sequent degradation during an increase in growth light 
environment has a regulatory function (see Oquist et 
al., 1992b; Critchley, 1994), adjusting the number of 
PS II cores to the new light environment. 

B. High Irradiance and Additional Environ- 
mental Stress 

Diurnal changes in the absence of additional stress. 
In the absence of additional environmental stresses, 
most plants growing in full sunlight-exposed habitats 
do not exhibit photoinhibition (sustained depressions 
in PS II efficiency), unless one defines the transient 
and rapidly reversible decreases in PS II efficiency 
F v '/F m ' that any non-stressed leaf exhibits upon short- 
term or diurnal exposure to excess light as ‘dynamic 
photoinhibition’ (Osmond, 1994, 1995; Osmond and 
Grace, 1995). Over the course of a normal day, sun- 
exposed leaves will exhibit concomitant increases in 
zeaxanthin levels and decreases in PS II efficiency 
peaking at midday when photosynthesis is light- 
saturated, but this is typically fully reversible during 
the late afternoon and evening hours as long as all 
other environmental factors are favorable (Fig. 2; 
Adams et al., 1989, 1992, 1995a; Demmig-Adams 
et al., 1989a, 1996a,b, 1997; Adams and Demmig- 
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Adams, 1992; Adams and Barker, 1998; Verhoeven 
et al., 1999). Additional stress factors that result in 
even greater excesses of light can lead to nocturnally 
sustained depression in PS II efficiency, depending 
on the response of the species to the stress and the 
particular stress involved. 

1. Low Temperature and Winter Stress 

Low temperature, and especially subfreezing tem- 
peratures, result in an immediate decrease or even 
cessation of biochemical activity in the chloroplast. 
Under such conditions, absorption of light has an 
increased potential to result in photodamage un- 
less there is an appropriate response to deal with 
the increased level of excitation pressure within the 
light-harvesting apparatus. Several different types of 
responses have been observed, depending on species 
and conditions. 

a. Photoinhibition in Sun-exposed Perennial, 
Evergreen Species 

Perennial and evergreen sclerophytes that cease to 
grow during the winter have generally been found to 
exhibit a downregulation of photosynthetic capacity 
in the winter (Leverenz and Oquist, 1987; Oberhuber 
and Bauer, 1991; Ottander and Oquist, 1991; Bauer 
et al., 1994; Logan et al., 1998a; Verhoeven et al., 
1999; Adams et al., 2001a, b, 2002). In sun leaves 
of these species, large amounts of zeaxanthin and 
antheraxanthin are retained nocturnally, and large 
depressions in PS II efficiency are observed predawn, 
on cold nights as well as warmer nights as the winter 
progresses (Figs. 1 and 4; Adams and Demmig-Ad- 
ams, 1994, 1995; Adams etal., 1995a, 200 la, b, 2002; 
Ottander etal., 1995; Verhoeven et al., 1996, 1998, 
1999; Barker etal., 1998,2002; Logan etal., 1998a). 
A portion of such depressions relaxes quickly upon 
warming (naturally in the field or upon transfer to the 
laboratory) and is probably due to a cold-sustained 
pH gradient across the thylakoid membrane and 
maintenance of pH-dependent NPQ (Verhoeven et 
al., 1998, 1999). The other portion of the sustained 
depressions in these species does not relax upon 
warming, cannot be reversed by uncouplers, and is 
thus unlikely to be due to any sustained pH gradient 
across the thylakoid membrane (Verhoeven et al., 
1998; Gilmore and Ball, 2000). Shade leaves ofthese 
same species, on the other hand, exhibit quite different 
responses as will be discussed below. In conclusion, 




594 



William W. Adams III and Barbara Demmig-Adams 



warm-sustained photoinhibition, with high levels of 
zeaxanthin + antheraxanthin retention and strong, 
sustained F v /F m depressions, is a response typical of 
perennial, evergreen plants that arrest growth in the 
winter and lower photosynthetic capacity (Fig. 4). 

b. Cold-sustained NPQ in Herbaceous Meso- 
phytes and Shade Leaves of Evergreens 

For herbaceous species that retain photosyntheti- 
cally competent leaves during the winter, whether 
they be winter-active annuals, biennials, or perenni- 
als, growth at lower temperature has been found to 
result in an upregulation of photosynthetic capacity 
(Graves, 1990; Floladay et al., 1993; Huner et al., 
1993; Oquist and Huner, 1993;Adams etal., 1995b, 
2001a, b, 2002; Hurry et al., 1995; Skillman et al, 
1996; Martindale and Leegood, 1997; Strand et al., 
1997, 1999; Verhoeven et al., 1999). Such species 
thus presumably have an increased capacity to utilize 
absorbed excitation energy, and they do not exhibit 
any photoinhibition during warmer periods (when 
temperatures remain above freezing) in the winter 
(Verhoeven et al., 1999; Adams et al., 2001a, 2002). 
Only on days when temperatures are below freezing 
will such species exhibit high levels of nocturnally 
retained zeaxanthin and sustained depression in PS II 
efficiency that both reverse rapidly upon warming 
(Verhoeven et al., 1999; Adams et al., 2001a). Thus 
sustained photoprotection is available during those 
periods when photosynthesis would not be possible, 
and quickly becomes disengaged upon warming of the 
leaves presumably to permit continued photosynthesis 
and, for some of these species, even growth during the 
winter. The level of nocturnal zeaxanthin retention 
and the degree to winch PS II efficiency is depressed 
is fairly small in these mesophytes compared to that 
exhibited by some sun-exposed evergreen species 
during the winter. 

Shade leaves of these same evergreen, sclero- 
phytic species exhibit features similar to those of over- 
wintering mesophytes, with sustained depressions 
in PS II efficiency and zeaxanthin + antheraxanthin 
retention exhibited exclusively on nights with sub- 
freezing temperatures (Verhoeven et al., 1 998; Adams 
et al., 2001a). Furthermore, shade leaves of these 
species have been found to exhibit either no change 
or even an upregulation of photosynthetic capacity 
under winter conditions, again similar to overwinter- 
ing mesophytes (Logan et al., 1998a; Adams et al. 



200 la, b, 2002). In summary, cold-sustained NPQ and 
zeaxanthin + antheraxant hi n retention (that relaxes 
rapidly upon warming ) appears to be the predominant 
response of overwintering leaves that maintain their 
photosynthetic capacity in the winter. 

2. Low Water Availability 

Demmig et al. (1988) found a strong correlation be- 
tween the level of retained zeaxanthin and the degree 
of dark-sustained depressions of F v /F m in Nerium 
oleander subj ected to high light and water stress, and 
analysis of the differences in the level of F m and F 0 
suggested that increases in thermal energy dissipation 
were responsible for a large part of the decreases in 
F v /F m (see also Bjorkman, 1987a; Bjorkman et al. 
1988). On the other hand, some studies have found no 
photoinhibition (dark-sustained F v /F m depressions) at 
all in response to water stress and high light (Flexas 
et al., 1998; Lu and Zang, 1999). We speculate that, 
as is the case for overwintering species, the response 
of PS II might depend on whether or not the plant 
species experiencing water stress exhibits continued 
metabolic activity (via osmotic adjustment). Nerium 
oleander leaves wilt upon exposure to drought, and 
no osmotic adjustment is observed (Bjorkman et al., 
1980). This species’ adaptation to periodic drought 
thus consists of transient metabolic arrest, and the 
photoinhibition of PS II observed is unlikely to cause 
further reductions in productivity. On the other hand, 
it should be investigated whether species that do not 
exhibit photoinhibition under drought are those that 
do exhibit osmotic adjustment and either continued 
carbon uptake (requiring continued photosynthetic 
electron transport) or continued metaboli sm depend- 
ing on alternative acceptors for photosynthetic elec- 
tron transport (Comic and Briantais, 1991; Biehler 
andFock, 1996; Cheesemanetal., 1997; Flexas etal., 
1999). It should thus be further investigated whether 
the nature of a plant species’ overall response to 
environmental stress may determine the response of 
PS II as a regulatory adjustment to whether or not 
demand for photosynthate is maintained. Although 
some still view sustained depressions in PS II ef- 
ficiency in response to high light and water stress as 
representative of photochemical damage (Thomas 
and Turner, 2001), others attribute such depressions, 
when they occur at all, to other processes (Sacardy 
et al., 1998; Martinez -Fern et al., 2000). 




Chapter 22 Fluorescence and the Environment 

3. Low Water Availability and High Tempera- 
tures 

Under natural conditions in the field, decreased 
water availability in the presence of high light al- 
most always results in elevated leaf temperatures. 
Interestingly, such conditions can result in massive 
nocturnal retention of zeaxanthin and antheraxanthin 
without sustained depressions in F v /F m (Adams et 
al., 2001b; Barker et al., 2002). As dawn breaks, the 
retained zeaxanthin instantly becomes engaged in 
thermal energy dissipation to a high degree even at 
low levels of incident PFD, apparently ensuring that 
the leaves are in a photoprotected state as the PFD 
increases (Barker et al., 2002). 



IV. Using Chlorophyll Fluorescence to As- 
sess Photosynthetic Performance 

A. Relationship between Fluorescence-de- 
rived Parameters and Gas Exchange 

Bjorkman and Demmig (1987) and Demmig and 
Bjorkman (1987; see also Adams et al., 1987b, 
1990; Adams and Osmond, 1988) demonstrated 
that there was a strong linear relationship between 
F v /F m and the photon yield of oxygen evolution in 
leaves experimentally subjected to high light stress. 
Furthermore, naturally occurring diurnal depressions 
in both parameters in a peremiial shrub reversed con- 
comitantly when excised leaves were transferred to 
low light conditions (Demmig-Adams et al., 1989a). 
Bernard Genty and his colleagues (Genty et al., 
1989) furthermore suggested that the photon yield 
of PS II photochemistry estimated from F v '/F rn ' x q p 
(or [F m ' - F]/F m ') may be used to estimate the photon 
yield of photosynthesis (see Fig. 3). By taking the 
product of (F m ' - F)/F m ' x incident PFD, one can 
estimate the relative rate of PS II electron transport, 
expressed in photons (Schreiber et al., 1994; the 
photon yield of PS II photochemistry provides an 
estimate of the fraction of photons absorbed in PS II 
antennae that are utilized in PS II photochemistry). 
For a more quantitative approach, the product of 
(F m '-F)/F m ' x the photons absorbed by PS II anten- 
nae would have to be used, but there currently is no 
accurate way to estimate this. It is important to note 
that these fluorescence-derived parameters inform 
exclusively about PS II processes and presumably 
total linear electron flow. Any major involvement 
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of electron acceptors other than NADP + , as well 
as NADPH-consuming processes other than C0 2 
fixation, precludes extrapolations from PS II rate to 
carbon fixation. 

In addition, the factor q p in F v '/F m ' x q p can in- 
troduce errors into the estimations of PS II electron 
transport rate, particularly under more extreme condi - 
tions when thermal energy dissipation levels are high. 
q p is sensitive to the connectivity among components 
of the light-collecting system, and at high levels of 
thermal energy dissipation underestimates the pho- 
tochemical component of fluorescence quenching 
(Schreiber et al. 1994). 

In conclusion, in our experience the easily obtained 
parameter (F m ' - F)/F m ' x incident PFD can provide a 
useful estimate of photosynthetic electron transport 
rate under steady state conditions in healthy, deep- 
green leaves of mesophytes exposed to favorable 
environmental conditions that represent no more 
than moderately excessive light. Under all other 
conditions and in other plant species, rates suggested 
by this fluorescence parameter should be verified 
independently. 

B. Conclusions from the Assessment of Chlo- 
rophyll Fluorescence under Natural Condi- 
tions 

1. Assessing Changes in the Potential for 
Photochemical Use of Excitation Energy Ab- 
sorbed in Photosystem II Antennae 

The fluorescence parameter F v '/F m ' reflects the poten- 
tial for use of energy absorbed in PS II antennae for 
photochemistry. This parameter can be determined in 
a one-time measurement at any time of day (Fig. 1) 
or can be followed over the course of a day (Figs. 2 
and 4) and can even be compared between seasons 
(Fig. 4). It can thus give valuable insight into altera- 
tions in the set-point for photochemical utilization 
of solar energy in leaves that occur in response to 
environmental and intrinsic (growth) changes experi- 
enced by the whole plant. F v 7F m ' does not respond to 
changes in the flux of absorbed light per se, changing 
only as a result of alterations in the rate constants 
for thermal dissipation and/or photochemistry. This 
approach has been utilized with plants during short- 
and long-term experiments (Demmig-Adams and 
Adams, 1996a; Verhoeven et al., 1997; Hovenden 
and Warren, 1998; Logan et al., 1999), as well as in 
plants under a variety of field conditions, including 
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those with sustained depressions in F v /F m and reten- 
tion of large zeaxanthin + antheraxanthin quantities 
(Demmig-Adams etal., 1996a,b, 1997, 1999; Barker 
and Adams, 1997; Logan et al., 1997; Adams and 
Barker, 1998; Barker etal., 1998; Adams etal., 1999; 
Niinemets and Kull, 2001). 

The usefulness and limitations of the use of F v '/F m ' 
will be illustrated with an example. An evergreen 
perennial plant growing in a favorable, sunny en- 
vironment may exhibit a value of F v '/F m ' of 0.8 in 
the early morning hours (see Fig. 1), followed by a 
decrease to a minimum value of F v '/F m ' = 0.3 at peak 
irradiance, and a subsequent increase to F v 7F m ' = 0.75 
in the afternoon. This indicates that the potential for 
the utilization of energy absorbed in PS II antennae 
changes dramatically over the course of the day, and 
suggests that this plant possesses a relatively low 
maximal capacity for photosynthesis. Additional 
speculations can be made but cannot be proven by 
further analysis of fluorescence parameters. One may 
address the actual utilization of energy absorbed by 
PS II antennae in photochemistry by assessing to what 
extent q p is lowered, yet there can be overestimations 
of q p decreases as stated above. It is attractive to 
assume that, since the potential for photochemical 
utilization (i.e. F v 7F m ') can be altered, a leaf would 
adjust the set-point such that the potential is only 
slightly above the actual rate to avoid strong increases 
in PS II reduction state. But this cannot be unequivo- 
cally established from fluorescence analyses, given 
their shortcomings. Furthermore, one may address 
the difference between the minimum (0.3) and maxi- 
mum (0.8) levels of F v '/F m ', and speculate that the 
difference likely reflects the fraction of light absorbed 
in PS II antemiae that is dissipated via regulated 
thermal energy dissipation. But once again, this can 
only be speculated rather than deduced, since de -ex- 
citation could also occur via the triplet route. Since 
leaves possess a tremendous potential to upregulate 
photoprotective energy dissipation, it is attractive 
to assume that decreases in F v '/F m ' primarily reflect 
regulated thermal dissipation, but this remains to be 
directly established. 

2. Other Parameters 

An assessment of various Chi fluorescence parameters 
in conjunction with measurements of photosynthetic 
oxygen evolution from leaves of plants growing in the 
field suggests that, in comparison with more slowly 
growing sclerophytes (such as Vinca major, V minor, 



Euonymus kiautschovicus, Mahonia repens, Pon- 
derosa pine, and cacti), rapidly growing mesophytes 
such as the crop plants sunflower and pumpkin and 
the weeds Malva neglecta and Convolvulus arvensis 
possess higher maximal photosynthetic capacities 
(maximal rates of oxygen evolution and of PS II elec- 
tron transport), a higher m a xi ma l fractional utilization 
of absorbed excitation energy through photosynthesis 
and lesser fractional allocation of absorbed excita- 
tion energy into thermal energy dissipation, lower 
maximal levels of zeaxanthin-dependent thermal 
energy dissipation (fromNPQ), and smaller depres- 
sions in photochemical efficiency of open PS II units 
(F v '/F m ') during midday exposure to full sunlight (Fig. 
2; Adams et al., 1989, 2001a; Demmig-Adams et al., 
1995, 1996a,b, 1997, 1999; Demmig-Adams and 
Adams, 1996a,b; Barker and Adams, 1997; Logan 
et al., 1998b; Verhoeven et al., 1998, 1999). Similar 
differences were suggested in a comparison of two 
vines, one of which was mesophytic and the other 
slightly sclerophytic (Adams et al., 1999). 

The influence of variation in the timing, inten- 
sity, and duration of exposure to light in the field 
can also be readily assessed from Chi fluorescence 
and the parameters derived therefrom. For leaves 
(or cladodes) that were not experiencing stress that 
resulted in a noctumally maintained state primed for 
thermal energy dissipation, the highest estimated 
levels of PS II electron transport and utilization of 
absorbed light in photosynthesis, highest levels of 
energy dissipation, and largest depressions in PS II 
efficiency (F v '/F m ') were invariably determined dur- 
ing the exposure to highest PFD regardless of the 
orientation of the photosynthesizing surface (Figs. 
1-3; Adams et al., 1989, 1998; Adams and Dem- 
mig-Adams, 1996; Demmig-Adams and Adams, 
1996a; Barker and Adams, 1997; Barker etal., 1998, 
2002). Notable exceptions from this trend occurred 
in CAM plants. Under conditions when high levels 
of internally released C0 2 were available to support 
photosynthetic electron transport in the morning, and 
plants were depleted of C0 2 behind closed stomata 
in the afternoon, apparent maximal PS II rates could 
coincide with maximal (internal) C0 2 availability 
rather than peak PFD. 

Self-shaded leaves or those growing in deep 
shade, north-facing (in the northern hemisphere), or 
south-facing (in the southern hemisphere ) positions, 
exhibited low apparent rates of electron transport, 
low levels of thermal energy dissipation activity, and 
high levels of PS II efficiency (F v 7F m '), with a very 
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high proportion of the light absorbed in PS II anten- 
nae being utilized for PS II photochemistry under 
favorable conditions. When exposed to environmental 
stresses, such as low temperature in the winter, even 
these low light-exposed leaves exhibited a switch 
from photochemical utilization of absorbed light to 
thermal dissipation (Demmig-Adams and Adams, 
1996a; Demmig-Adams et al., 1996a, 1999; Barker 
andAdams, 1997; Logan etal., 1997, 1998a, b; Adams 
and Barker, 1998; Verhoeven et al., 1998; Adams et 
al., 1999). 

Chi fluorescence also provides instantaneous in- 
formation on these features of photochemistry and 
photoprotection in habitats that experience highly 
variable light. Thermal energy dissipation (NPQ) 
levels increase and decrease extremely rapidly in a 
sunfleck-punctuated habitat (Fig. 3). This presum- 
ably permits high levels of light utilization in photo- 
synthetic electron transport during low light periods as 
reflected by high PS II efficiency, with high levels of 
energy dissipation (and low levels of PS II efficiency) 
during exposure to full sunlight during the sunflecks 
(Adams et al., 1999; see also Logan et al., 1997). 



V. Strategies of Adjustment to Excess 
Light: Light Harvesting Capacity, Photo- 
synthetic Electron Flow, and Excitation 
Energy Transfer Efficiency 

Higher plants employ a multitude of approaches for 
dealing with excess excitation energy. Leaves (and 
even whole plants) may simply be absent when light 
would be most excessive (e.g. during the winter in 
temperate and higher latitudes, or during periods of 
seasonal drought). Leaves or other photosynthetic 
organs may grow such that their orientation mini- 
mizes light interception during midday (Lovelock 
and Clough, 1992; Ehleringer, 1988). Leaves of 
some species can go through diurnal paraheliotropic 
movements (Ludlow and Bjorkman, 1984; Kao and 
Forseth, 1992, 1993; Kao and Tsai, 1998).Trichomes, 
cuticular waxes, light absorbing compounds accu- 
mulated intra- or extra-epidermally, and multi-celled 
epidermal or hypodermal layers of tissue can all 
diminish the amount of light reaching the chloroplast- 
containing mesophyll tissue (Robinson et al., 1993; 
Lang and Schindler, 1994; Robinson and Osmond, 
1994; Logan et al., 1996; Barker et al., 1997; Tattini 
etal., 2000). Chloroplasts can even orient themselves 
within the mesophyll cells to minimize light inter- 



ception and maximize self-shading (Brugnoli and 
Bjorkman, 1992; Park et al., 1996; Gorton et al., 
1999). There are also a number of acclimatory and 
regulatory adjustments that can be made within the 
chloroplast, as described below. 

A. Alteration in Light-harvesting Capacity 

A straightforward way to diminish the absorption 
of excess excitation energy over the intermediate 
to longer term would be to decrease the number of 
light-harvesting Chi molecules. This could be ac- 
complished by varying the number of light-harvest- 
ing Chi-binding proteins associated with each PS II 
reaction center, and has been shown for mesophytes 
grown in growth chambers at low versus intermedi- 
ate light levels (Anderson et al., 1988). In tropical, 
evergreen plant species that acclimate to a wide 
range of light environments in nature, however, this 
ratio may be rather constant between deep shade and 
high light (Chow et al., 1988; Logan et al. 1998b; 
Anderson et al., 2001). 

Instead of decreasing only the level of light-harvest- 
ing Clils, the total number of PS II units (PS II cores 
and light-harvesting capacity) could be altered. This 
type of adjustment is clearly observed in plants (ex- 
amples spinach and pear ) subjected to nutrient stress 
in the presence ofhigh light (Verhoeven et al., 1997; 
Logan et al., 1999; Morales et al., 2000a,b). Plants 
that utilize this approach have dramatically lowered 
capacities for photosynthesis on a leaf area basis, but 
exhibit little or no photoinhibition as assessed from 
C-hl fluorescence (no sustained depressions in F v /F m ). 
Such plants do, however, employ zeaxanthin-depen- 
dent thermal energy dissipation to a considerable 
extent during exposure to excess light, resulting in 
significant, but transient increases in NPQ and de- 
pressions in F v 7F m ' at peak irradiance. Furthermore, 
certain perennial, sclerophytic species (such as Hoya 
australis) experiencing stress in the field can persist 
for very long periods of time with yellow leaves, low 
rates of photosynthesis, and sustained depressions in 
F v /F m (Adams 1988; Adams et al., 1988). 

B. Alteration in the Number of Photosystem II 
Reaction Centers Without Major Changes in 
Chlorophyll Content 

In some evergreen species, very pronounced photo- 
inhibition can be observed in response to light stress. 
For example, evergreen conifers can cease to show 
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carbon uptake in the winter (Monson et al., 2002), 
yet preserve a high Chi content. In these needles, D1 
levels decrease dramatically, while light-collecting 
antenna complexes are preserved (Ottander et al., 
1995; B. Demmig-Adams, V Ebbert, C. R. Zarter, A. 
K. Mattoo, W. W. Adams, unpublished). Very strong, 
sustained F v /F m depressions in such needles are as- 
sociated with extremely high levels of zeaxanthin + 
antheraxanthin retention, and presumably maximal 
levels of sustained thermal energy dissipation (Fig. 
4; Adams et al., 2001a, 2002). 

A similar phenomenon — a preferential decrease in 
D1 level (or the number of PS II cores) with little or 
no decrease in light-harvesting Chi — has also been 
observed in response to short-term transfer to excess 
light conditions (see reviews on photoinhibition in 
Baker, 1996; Baker and Bowyer, 1994; Kyle et al., 
1987). 

For example, transfer to high light of deep shade- 
grown plants of the tropical vine Monstera deliciosa 
can result in such a preferential degradation of D1 
and maintenance of high Chi levels (B. Demmig- 
Adams, V Ebbert, D. L. Mellman, C. R. Zarter, A. 
K. Mattoo, unpublished), again in association with 
high levels of zeaxanthin + antherax an t hi n retention 
and sustained depressions in F v /F m , and thus presum- 
ably sustained thermal energy dissipation, as well as 
sustained phosphorylation of the remaining D1 pool 
(Ebbert et al., 2001). 

Preservation of high Chi levels in photosynthetic- 
ally inactive leaves is likely to depend on an effi- 
cient suppression of both singlet oxygen formation 
in antenna complexes (presumably via sustained 
[zeaxanthin + antheraxanthin] -dependent thermal 
energy dissipation) and superoxide formation (via 
degradation of PS II cores). 

C. Alteration in the Fraction of Electron Trans- 
port Supported by Alternative Acceptors 

In those species in which carbon uptake rates, and 
NADPH consumption in CO, fixation, decrease un- 
der environmental stresses, several other processes 
can, in principle, continue to sustain photosynthetic 
electron flow. These processes include other NADPH- 
consuming processes (such as e.g. photorespiration) 
as well as reactions involving other terminal electron 
acceptors (in addition to NADP + ), such as e.g. 0 2 
(Mehler-peroxidase pathway) nitrate, or sulfate. 



D. Alteration of the Capacity for Rapidly Re- 
versible Thermal Energy Dissipation 

It has long been noted that sun leaves of many ev- 
ergreen species have a higher capacity for rapidly 
reversible thermal energy dissipation than corres- 
ponding shade leaves (for a review see Demmig-Ad- 
ams, 1998). Sun leaves of these species also have a 
much larger pool of the xanthophyll cycle carotenoids, 
and exhibit a greater maximal conversion of this pool 
to zeaxanthin + antheraxanthin under conditions of 
excess light, than corresponding shade leaves (Dem- 
mig-Adams, 1998). L^on transfer from a low to a high 
growth PFD, plants increase their xanthophyll cycle 
pool (Demmig-Adams et al., 1989f, 1998; Bjorkman 
and Demmig-Adams 1994; Logan et al., 1998c). 
However, several studies suggest that only certain 
ones of the zeaxanthin molecules formed under excess 
light are actually required for high levels of energy 
dissipation activity (Ri ssler and Pogson, 2001). Thus 
there is some question as to whether a larger pool of 
xanthophyll cycle carotenoids is actually required 
for maximal photoprotective energy dissipation. 
It would obviously be of considerable interest to 
determine whether the level of PsbS is affected by 
light environment. Higher levels of PsbS protein have 
been reported in overwintering conifers compared to 
summer controls (Ottander etal., 1995; Adams etal., 
2001b), and a higher level of transcription of the gene 
coding for the PsbS protein has also been reported in 
response to higher light (Li et al., 2000). 



VI. Concluding Remarks: What Chlorophyll 
Fluorescence Can and Cannot Reveal 
about Stress in Plants 

The most robust and unambiguous parameter one 
can assess using Chi fluorescence in the field is that 
of PS II efficiency (Fig. 1), either in darkness before 
sunrise ( F/Fj or during exposure to light (F v '/F m '). 
Both parameters can be assessed instantaneously and 
can be computed and interpreted even in the absence 
of control values from non-stressed plants. However, 
decreases in either of these measures could be due 
to either increases in photoprotective energy dissipa- 
tion or to decreases in photochemistry (Kitaj ima and 
Butler, 1975 ), and without additional accompanying 
measures it is not possible to discern between these 
two possibilities. Thus one should always treat the 
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interpretation of any such measures with caution. 
Without a doubt, predawn depressions in PS II ef- 
ficiency suggest that the plant is experiencing stress, 
but the precise nature of the stress and the underly- 
ing mechanism responsible for the PS II depression 
require additional investigation before any definitive 
conclusions can be drawn. 

The determination of energy dissipation activity 
from NPQ is robust as well, but requires a control F m 
value determined prior to sunrise that is fully relaxed 
(Fig. 1). If the plant is under any stress at all, it is often 
impossible to obtain a fully relaxed F m value. 

Although q p or l-q p can be determined instan- 
taneously without any control values from a non- 
stressed situation, it is sensitive to underestimation 
of q p (overestimation of the degree to which PS II is 
reduced) at high levels of energy dissipation activ- 
ity (see above). Thus it too should be viewed with 
caution. Estimates of actual changes in the rate of 
PS II photochemistry are relatively straightforward 
during steady-state photosynthesis in green, meso- 
phytic leaves in the absence of stresses. In all other 
cases, interpretation should be guided by independent 
measurements. 

Extrapolation from measures of Chi fluorescence 
to photosynthetic carbon gain is probably not possible 
since the rates estimated using Chi fluorescence do 
not distinguish between whether an electron is used 
to fix C0 2 versus 0 2 , or reduce 0 2 (or nitrite, or sul- 
fate, or thioredoxin.). Fluorescence can only inform 
one about the flux of electrons through PS II, not on 
their ultimate fate. 

Assessing diurnal or even seasonal changes in 
the potential for photochemical utilization of light 
absorbed in PS II antennae (from changes in F v '/F m ') 
provides insight into changes in plants’ photosynthetic 
performance over the course of the day and between 
seasons (Demmig- Adams et al., 1996a). 

Chi fluorescence is an emitted signal that provides 
a wealth of information on leaf and, ultimately, plant 
performance. However, it should rarely, if ever, be 
used alone without additional measurements of the 
environment and plant functioning. The interpreta- 
tion of the Chi fluorescence signals is not as simple 
as it may seem, and any additional information that 
one can obtain regarding plant functioning will add 
tremendously to discern the meaning of those fluo- 
rescence signals. 
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Summary 

Chlorophyll a fluorescence measurements (particularly variable fluorescence, and non photochemical quenching) 
have begun to be used as non-invasive probes of the effects of ozone depletion and of UV increases to study 
the following phenomena. Ozone depletion over the southern and northern hemispheres will probably increase 
ultraviolet (UV)-B radiation (285-3 1 5 nm), which will impact crop plants in different ways. Growth reduction, 
decreased photosynthesis as well as reduced biomass are commonly observed in UV-sensitive plants when 
UV-B stress is applied in addition to artificial white light, or in some cases even to solar light. Under unfiltered 
or extremely high UV-B conditions the molecular targets for UV action in photosynthesis are mainly in the 
Photosystem II (PS II) reaction center area, indicated by a decrease of the variable chlorophyll fluorescence in 
seedlings — whereas PS I is less sensitive. Thus, chlorophyll fluorescence, that measures PS II activities, holds 
promise for further understanding of the UV effects. Under combination of solar UV-B with modest increases 
of artificial UV-B radiation damaging effects of primary reactions are low or absent-shown by qP analysis in 
sunflower seedlings, but indirect effects on dark reactions — calculated fromqNP calculations — and/or stomatal 
response may reduce biomass production. Yield reductions have occasionally been reported in soybean and 
rice cultivars sensitive to enhanced UV-B, but increases in yield have also been observed. Recent studies on 
several plant species and cultivars, attenuating solar UV-B by special UV-filters, showed relative growth and 
yield reductions in sensitive cultivars caused by a delay of plant development and flowering under higher solar 
UV-B radiation. Experiments with trees indicate a lower susceptibility to UV-B due to their robust leaf structure 
and the accumulation of UV absorbing compounds, which seems to be a general response in many plant spe- 
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cies. However, over a period of time damages could also accumulate in these plants. Terrestrial ecosystems, 
e.g. mountain heath vegetation, show in some cases similar biomass reductions under enhanced UV-B-levels 
as well as changed composition of secondary compounds. A multitude of morphological, physiological and 
genetic consequences are expected for single plant species and for ecosystems at conditions of increased UV- 
B radiation, as expected by ozone depletion scenarios. However, the UV-B effects on primary photosynthesis 
seem to be low under realistic UV-B enhancements in the field. 



I. Introduction: Ozone Reduction and UV 
Radiation Stress 

Among environmental stress factors , ultraviolet (UV) 
radiation is one of the most harmful due to its interac- 
tion with UV absorbing biological molecules such as 
nucleic acids, proteins, lipids and phytohormones and 
the damage it causes to plants. In this chapter, we first 
provide detailed information on the effects of UV on 
various aspects of plant functions before we discuss 
the use of chlorophyll (Chi) fluorescence in UV ef- 
fects. Whether UV radiation is a stress factor depends 
on wavelength, irradiance and exposure time as well 
as on the genetic, morphological and protective pre- 
disposition of the plant species or cultivar. The most 
harmful UV-C radiation, with wavelength shorter 
than 280 nm, is emitted from artificial UV sources 
but is not present in ambient solar radiation. UV-B 
radiation (280 mn to 315 nm) is one environmental 
factor, which is changing due to stratospheric ozone 
depletion by halogenated gases such as chlorofluoro- 
carbons. Ozone depletion will result in higher UV-B 
fluxes, and although the solar cut-off in the UV-B is 
shifted to shorter wavelength by few nanometers only, 
their damaging potential will be higher. Increases in 
UV-B radiation have been already observed in Ant- 
arctica during the ozone hole development (Lubin et 
al., 1989, Stamnesetal., 1992, Frederick etal., 1998) 
as well as in the northern hemisphere (Blumthaler 
andAmbach, 1990, Kerr and McElroy, 1993,Zerefos 



Abbreviations: Chi - chlorophyll; F m maximum Chi fluores- 
cence; F m ' maximum Chi fluorescence in light-adapted plant; 
F 0 - minimum Chi fluorescence; F p - Chi fluorescence intensity 
at the ‘P’ level in fluorescence transient; F t - Chi fluorescence 
at time t; F v - variable Chi fluorescence (=F t - F 0 ), (F v )s is the 
variable Chi fluorescence at steady state, also defined as Fm'- F t ; 
F vm (or (F v )max) - maximum variable Chi fluorescence (=F m - F 0 ). 
PPFD photosynthetic photon flux density; qE high energy 
quenching; qNP - non-photochemical quenching (NPQ), calcu- 
lated as [(F v )max- (F v )s]/(F v )max; qP -photochemical quenching, 
calculated as [(F v )s-F v ]/(F v )s; Rfd - Chi fluorescence decrease 
from maximum (F M ) to steady-state (F s ) (for further details, see 
Chapter 28, Lichtenthaler and Babani); ROS - reactive oxygen 
species; UV - ultraviolet 



et al., 1995, Mayer et al., 1997). 

The biological effectiveness of the UV radiation, 
either of artificial or of natural origin, has to be 
evaluated according to existing action spectra which 
indicate that shorter wavelengths are more effective 
than longer wavelengths (Caldwell, 1971a, b; Setlow, 
1974; Caldwell et al., 1986, Coohill, 1989, 1991; 
Quaiteetal., 1992a). Caldwell’s ‘general plant action 
spectrum’ (Caldwell, 1971a, b) is commonly used by 
plant physiologists when the biological effectiveness 
of the UV radiation from UV lamps and from the 
sun are to be compared. This and the DNA damage 
spectrum ( Setlow, 1 974) differ at shorter wavelengths 
and drop off steeply at longer wavelengths (Fig. 1). 
A newer action spectrum for DNA pyrimidine dimer 
induction in intact alfalfa leaves do not decrease as 
abruptly with increasing wavelengths (Quaite et al., 
1992a), probably due to the shielding of DNA at 
shorter wavelengths by UV absorbing compounds 
in the leaf tissue (Stapleton and Walbot, 1994) or 
due to increased photoreactivation in plants growing 
outdoors (Takayanagi et al., 1 994). This consequently 
lowers the predicted increase of effective UV-B with 
ozone depletion. Therefore, depending upon the shape 
of the action spectrum that is used as a weighing 
function in calculating effective UV radiation, the 
ozone simulation scenarios may also vary. 

Another problem is that most action spectra have 
been developed with monochromatic radiation, 
whereas plants in nature are exposed to polychromatic 
radiation. A few polychromatic action spectra exist 
(Caldwell et al., 1986; Steinmuller, 1986; Holmes, 
1997) and these indicate a greater effectiveness at 
longer wavelengths than the others, thus decreasing 
the relative UV-B effect. Therefore, the relevance of 
action spectra must be considered with caution and 
testing of such spectra needs to be undertaken under 
field conditions, where both UV-A (3 1 5-400 nm) and 
visible light (400-700 nm) can have strong ameliorat- 
ing effects on potential UV-B damage (Deckmynand 
Impens, 1997). Recently an outdoor polychromatic 
action spectrum for growth responses showed an ac- 
tion maximum at 3 1 3 nm for the inhibition of aerial, 
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Fig. I. Action spectra lor DNA damage (Setlow, 1974). pyrimidine 
dimer induction in alfalfa seedlings (Quaiteetal., 1992a), general- 
ized plant damage PLANT (Caldwell, 1971b). and Plant growth 
(Steinmttller, 1986). (See the top of the figure for the legend of the 
symbols.) Spectral irradiance at 360 and 180 Dobson Unit (DU) 
calculated for49°N and 173 Julian day at local noon according 
to Green et al. ( 1980). (Note: One DU is defined as a 0.01 mm 
thick ozone layer at 0 °C and 1 atmospheric pressure, and the 
Julian day 173 simply means day 173 of a year independent of 
the year where the measurements were made. ) 

root and total dry weight for Beilis perennis, but 
action maxima at 339 nm and 348 nm for Cynosurus 
cristatus (Cooley et al., 2000b). Consequently, the 
stronger UV-B stress responses in growth chambers 
or greenhouses, with a reduced UV-A and white light 
portions, may be less pronounced than expected, in 
comparison to those of ambient sunlight. Thus, apart 
from using different action spectra as weighing func- 
tions, the realistic balance between different spectral 
regions is important to evaluate realistic UV-B effects 
(Caldwell etal., 1994). 

In addition to unbalanced irradiation conditions, 
which characterized most of earlier studies, the 
control irradiation was often applied without any 
UV-B radiation due to the use of UV-B absorbing 



plastic foils: Such ‘zero’ controls never exist in na- 
ture and therefore stress responses had been clearly 
overestimated. 

The question whether the natural UV-B radiation 
is already a stress situation might be partly answered 
by attenuation studies. In crop plants it was found 
that a higher ambient UV-B radiation reduces several 
growth parameters compared to plants grown under 
a lower ambient UV-B (Mark et al., 1996; Mark and 
Tevini, 1997). Aquatic algae lost mobility under 
ambient UV-B compared to algae living in the same 
place after UV-B attenuation ( Hader. 1 997), showing 
that many organisms are already living under stress 
at present. The following sections will preferentially 
deal with UV effects on terrestrial plants. UV effects 
on aquatic organisms and ecosystems were summa- 
rized by Hader (1997, 1999), Hader and Figueroa 
(1997), Hader and Worrest (1997) and Hader et al. 
(1998a.b, 1999). 



II. General Responses to UV Radiation 

The general responses induced by UV-B radiation in 
plants have been reviewed during the last decade by 
numerous authors (Stapleton. 1992; Bornman and 
Teramura. 1993;Tevini. 1993a, 1994, 1999;Caldwell 
and Flint, 1994; Strid et al., 1994; Bornman and 
Sundby-Emanuelson, 1995; Britt, 1995; Caldwell et 
al., 1995, 1998; Bjorn, 1996; Jordan, 1996; Panten 
et al., 1996; Caldwell. 1997; Corlett et al., 1997; 
Mackerness et al., 1997a,b; Rozema et al., 1997; 
Ambasht, 1998; Caldwell et al., 1998; Paul, 2000). 
UV-B effects have been studied during the last thirty 
years in small growth cabinets, growth chambers, 
greenhouses or in the field supplementing white light 
with artificial UV-B radiation either in a light on-off 
way for different time periods, or in a suntracking 
way by supplementing the ambient solar UV radiation 
with the desired amount of UV-B amount. 

Laboratory and greenhouse experiments are useful 
in elucidating UV stress responses and accompany- 
ing mechanisms; however, they are less reliable in 
providing estimates for natural habitants, where many 
environmental parameters such as water and mineral 
stress and/or high siui light irradiances are often 
interfering. Attenuation of solar UV-B by appropri- 
ate filters, such as ozone or plastic films, avoids the 
use of artificial UV (Tevini et al., 1990; Mark et al., 
1996). However, by this method only relative UV-B 
enhancements compared to the reduced solar UV-B 
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can be evaluated. Increased UV-B can induce direct 
or indirect effects. Direct effects, often found in crop 
plants, include DNA -damage through the formation 
of cyclobutane dimers and/or pyrimidine-pyrimidone 
photoproducts (Quaiteetal., 1992b; Jordan 1996), re- 
ductions in photosynthetic activity (mainly related to 
the degradation of PS II proteins; Jansen et al., 1996) 
and/or ribulose-bisphosphate-carboxylase activity 
(Allen et al., 1997), as well as effects on stomatal 
function (Day and Vogelmann, 1995; Nogues et al., 
1999, Cooley et al., 2000a). 

Direct effects on DNA and phytohormones can lead 
to several indirect morphogenetic changes, which 
have been often found either under higher artificial 
or solar UV-B radiation. For example, reduced leaf 
and stem growth of many crop plants such as wheat, 
maize, pea, rice and soybean (Ballare et al., 1995; 
Ros and Tevini, 1995; Barnes etal., 1996; Gonzalez 
et al., 1998), reduced number of leaves per plant 
and branch (Antonelli et al., 1997), reduced fresh 
and dry mass (Caldwell and Flint, 1994; Mark et 
al., 1996), altered time course of flowering and fruit 
ripeness (Saile-Mark and Tevini, 1997), curling of 
cotyledons (Wilson and Greenberg, 1993) are among 
morphogenetic changes. For the reduction of leaf 
area and for hypocotyl reduction, as well as for the 
loss of phototropic response of sunflower seedlings 
growing under artificial UV-B radiation, a fluence 
response relation was demonstrated which correlates 
with the destruction of phytohormone indole-acetic 
acid and the formation of the growth inhibitor 3- 
methylen-oxindol (Tevini and Iwanzik, 1986; Tevini 
etal., 1990; Ros and Tevini, 1995). 

Many of the growth responses are triggered by 
DNA-damage; it was shown, for example, that the 
action spectrum for the reduced hypocotyl growth 
in cress seedlings is close to that of DNA-damage 
(Steinmetz and Wellmann, 1986). In addition, direct 
UV-B effects on the growth regulators of the gib- 
berellin family may lead indirectly to suppression of 
flowering by decomposition of gibberellins, as was 
shown for Hvoscyamus niger (Rau and Hoffmann, 
1988). 

Attenuation studies conducted with crop plant spe- 
cies and cultivars grown in commercial greenhouses 
covered with differently UV-transmitting plastic 
foils simulating a solar UV-difference of about 10 
to 15% also showed reductions in stem growth and 
leaf area of four bush bean cultivars during their 
early development under higher solar UV-B (Saile- 
Mark and Tevini, 1997). In those studies it was also 



shown that flowering delay of bean and maize plants 
was cultivar dependent (Mark and Tevini, 1996). As 
a consequence of growth reductions and flowering 
suppression number and weight of pods and therefore 
yield of bean fruits was reduced at the higher UV- 
B level. Similar results have been obtained for pea 
fruits and Brassica nigra seeds (Conner and Zangori, 
1997; Corlettetal., 1997) whereas seed production in 
Mentha spicata and the Mediterranean shrub Cistus 
creticus was increased by enhanced UV-B (Gram- 
matikopoulos et al., 1998). 

In other studies decreased probability to flower 
were found in Limnanthes alba and delayed flower- 
ing in Phacelia campanularia (Sampson and Cane, 
1999). In further attenuation studies the number of 
seeds as well as the dry weight per seed of Bromus 
plants doubled when solar UV-B was reduced by 
10% (Deckmyn and Impens, 1999). UV-sensitive 
maize cultivars such as Fanion, grown in greenhouses 
under 10-15% lower solar UV-B, delayed the corn- 
cob filling by more than one week resulting in lower 
yield when harvested early (Tevini, 1996). In several 
field studies supplementing solar UV-B by artificial 
UV-B reductions in yield have also been found e.g. 
pea, linseed, soybean (Teramura et al., 1990; Goyal 
etal., 1991, Mepstead et al., 1996). 

However, in other field studies yield was unaffected 
by enhanced UV-B such as in many rice cultivars 
(Kim et al., 1996; Olszyk et al. 1996). In pea plants 
grown in the field neither photosynthetic reactions 
nor plant biomass were impacted by a 30% increase 
in UV-B (Allen et al., 1999). These discrepancies 
might be due to different sensitivities of species and 
cultivars to climate and temperature differences, to 
different irradiation designs and radiation scenarios 
due to different use of weighting functions. Therefore, 
clear conclusions of UV-B effects on global yield 
performance can not be given at the moment. 

A detailed analysis of 62 plant field studies showed 
little or no effect on morphological parameters, 
modest decreases in shoot biomass and no effects on 
photosynthesis when high levels of additional UV- 
B was applied (Searles et al., 2001).Positive direct 
effects include the accumulation of UV-absorbing 
compounds often found upon UV-B enhancement. If 
concentrated in the epidermal layer those compounds 
may protect organelles and membranes located in the 
mesophyll (Tevini etal., 1991, Bomman etal., 1997). 
Further positive effects on biochemical compounds 
have been found in melons and spice plants grown 
in greenhouses covered with differently transmit- 
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ting plastic foils. Sweet melons had higher sugar 
content in the edible part of the fruits, basil leaves 
accumulated much more etheric oils under higher 
solar UV-B (Tevini, 1996). 



III. Responses in Photosynthesis 

In the last decade several reviews of UV-B effects on 
plant photosynthesis have been published: Teramura 
and Sullivan (1994), Fiscus and Booker (1 995), Tera- 
mura andZiska(1996),Vassetal. (1996), Baker etal. 
(1997), Allen et al. (1998) and Mattoo et al. (1999). 
In addition, general molecular (Bomman, 1989) and 
genetic UV-targets involved in photosynthesis have 
been addressed by Jordan (1996) including mainly the 
RNA-forms and the biosynthesis of proteins located 
in the photosynthetic membranes such as the D1/D2 
proteins as well as the biosynthesis of Rubisco located 
in the stroma. 

A. General Responses and Molecular Targets 

Proteins, photosynthetic pigments, quinones such 
as plastoquinones and unsaturated fatty acids of 
galactolipids, all present in the bilayered structure of 
the thylakoid membrane, may be UV targets due to 
their electronic absorption in the UV region (Tevini, 
1993b). However, it is important to distinguish be- 
tween direct damage e.g. by absorption of high energy 
UV-radiation causing destruction of the molecules 
itself and indirect damage by reactive oxygen species 
(ROS) produced during the destruction. For example, 
ROS oxidize polyunsaturated fatty acids and gener- 
ate reactive fatty acid peroxides, which further react 
with synthetic pigments. Furthermore, it was found 
in green leaves, that ROS could down regulate the 
expression of photosynthetic genes (Mackemess et 
al., 1999).Thus, it is not clear whether reductions in 
photosynthetic pigments as often found under high 
UV-B irradiances (Tevini et al., 1981; Kim et al., 

1996) are due to direct destruction or to biosynthetic 
defects following DNA damage. Direct damage to 
unsaturated membrane lipids was concluded from 
the formation of malondialdehyde (MDA; Kra m er et 
al., 1991;Takeuchietal., 1996; DeLong and Steffen, 

1 997 ) . An action spectrum for this lipid peroxidation 
process shows a shift more to the UV-C region, and 
less effectiveness in the UV-B (Cen and Bjorn, 1994 ). 
Parallel to the UV-B induced formation of MDA 
increased ascorbate peroxidase activities have been 



found in Ambidopsis thalianci (Rao et al., 1996) and 
Allium schoenoprasum (Egert, 1999). In addition, 
in Allium plants ascorbate and carotenoid content 
increased under higher solar UV-B compared to 
10-15% lower UV-B existing in greenhouses covered 
with Plexiglas differently transmitting UV-B. The role 
of carotenoids in protecting plants from UV-B dam- 
age have also been reported for soybeans (Middleton 
and Teramura, 1993). 

Apart from the mechanism, previous studies have 
shown, that in green leaves short-term UV-B exposure 
leads to decreases in nuclear encoded transcripts 
such as in Cab genes (Strid et al., 1994; Zhang et al., 
1994; Jordan 1996), whereas chloroplast encoded 
transcripts were hardly affected (Jordan et al., 1992; 
Mackerness et al., 1997a, b, 1998). Recently, it was 
shown that rpsI4, a gene encoding a chloroplast 
ribosomal protein, and the gene encoding the 23 S 
chloroplastic rRNA are down regulated, which sug- 
gests that protein synthesis within the chloroplast 
is likely to be severely affected. Proteins of the 
ubiquitin protein degradation pathway were up- and 
down-regulated, implying alteration of plant cell 
protein content by changes both in gene expression 
and protein degradation. This finding is interesting 
considering the speculations of Allen et al. (1998) 
that UV-B induces special proteases degrading SB- 
Pase (sedoheptulose biphosphatase). Furthermore 
this study revealed that UV-B exposure leads to the 
formation of high molecular mass mRNA adducts, 
probably by cross-linking of two or more RNA 
molecules or as a result of UV-B induced failure of 
transcription termination. 

Another response to enhanced UV-B radiation is 
the often-described stomatal closure (Teramura et al., 
1983; Negash and Bjorn, 1986; Sharmaetal., 1998; 
Cooley et al., 2000a), which influences photosynthetic 
production in an indirect way via restrictions in the 
C0 2 -circulation (Tevini et al., 1983; Middleton and 
Teramura, 1993; Day and Vogelmann, 1995). The 
question which or how many of these factors influence 
photosynthetic capacity directly or indirectly is still 
open. Intraspecific variation in sensitivity to UV-B 
radiation under field or artificial conditions does not 
allow to draw a general conclusion, especially when 
related to the productivity (Correia et al., 1999). A 
recently completed comprehensive analysis of over 
1 00 field studies indicates that supplemental UV-B on 
average causes small, but statistically significant de- 
creases in plant productivity (Searles et al., 2001). 
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B. Photosynthetic Activity 

In the history of identifying UV targets, multiple sites 
of UV-B inhibition in photosynthesis have been distin- 
guished throughout the years with the most sensitive 
targets around PS II, whereas PS I was less sensitive 
(Noorudeen and Kulandaivelu, 1982; Iwanzik et al., 
1983; Rengeretal., 1989; Stridetal., 1990; Meliset 
al., 1992; Teramuraand Sullivan, 1994). In isolated 
PS II preparations the primary UV damage occurs at 
the donor side of PS II, most likely at the Mn cluster 
of water oxidation (Renger et al., 1989; Hideg et al., 
1993; Post et al., 1996;Vass et al., 1996,). UV-B in- 
duced modification or loss of the function of the Q A 
and Q b quinone electron acceptors (Greenberg et al., 
1989; Melis et al., 1992; Jansen et al., 1996; Vass et 
al. 1 996) and the Tyr-D and Tyr-Z donors (Vass et al., 
1 996; Yerkes et al. 1 990 ) has also been observed. Vass 
et al. (1999) observed an impaired electron transfer 
from the Mn cluster of water oxidation to Tyr-Z + and 
P680 + induced by low intensity UV-B irradiation (~ 
0.24 pmol photons nr 2 s -1 ) in intact cyanobacterium 
cells in the same way that has been observed in iso- 
lated systems. This damage on the electron donor-side 
of PS II was accompanied by a modification of the 
Q B -site on the electron acceptor side, which affects 
the binding of plastoquinone and electron transport 
inhibitors such as DCMU or metribuzin. An apparent 
resistance against electron transport inhibitors which 
act by replacing the mobile plastoquinone electron 
acceptor at its binding site formed by the D1 protein 
has frequently been observed as a consequence of 
UV-B exposure of isolated systems. It is most likely 
related to the UV-B induced modification of the 
Q B /herbicide binding site (Renger et al., 1989; Hideg 
et al., 1993). White light at low photon fluxes (120 
pmol photons nr 2 s -1 ) provided protection against 
this UV-B induced damage by enhancing protein 
synthesis-dependent repair of PS II. 

Inhibition of PS II activity by UV-B radiation is 
accompanied by the degradation of the D1 and D2 
protein subunits (Greenberg et al., 1989; Trebst and 
Depka, 1990; Melis et al., 1992;Friso et al., 1993, 
1994;Barbato et al., 1995). 

PS I is often described to be more UV-B resistant 
than PS II. Nevertheless UV-B irradiation leads 
to down regulation of a PS I light-harvesting Chi 
a/h binding protein gene PsLhcA4 (Brosche et al., 
1999). 



1. Chlorophyll Fluorescence 

Measurement of Chi fluorescence using the PAM 
(Pulse Amplitude Modulation) fluorimeter (see 
Chapter 11, Scheiber in this volume) have often 
been conducted in order to identify UV-B damage 
in terrestrial and aquatic plants as well as in isolated 
chloroplasts with either positive or negative results 
(Bavconetal., 1996; Middleton etal., 1996; Figueroa 
et al., 1997a,b; Hader et al., 1997, 1999; Sharma et 
al.,1998; Hiibner and Ziegler, 1998; Larsson et al., 
1998; Lingakumar et al., 1999; Olssonetal., 1999; 
Pinto et al., 1999; Takacs et al., 1999; Hader et al. 
2000, 2001; Ivanov et al., 2000; Nogues and Baker, 
2000; Sprtova et al., 2000;). It was shown previ- 
ously that PS Il-activity monitored as variable Chi 
fluorescence is reduced by UV-B depending on the 
fluence rate and wavelength in intact radish plants 
(Tevini and Iwanzik, 1983). The decrease of variable 
Chi fluorescence due to decreased maximal fluo- 
rescence has been explained by a transformation of 
PS II -reaction centers into dissipative sinks since the 
Q B -protein remains intact at moderate UV-B levels 
which otherwise would lead to increased maximal 
fluorescence (Tevini and Pfister, 1985). 

In stress physiology, measurement of fluorescence 
parameters like Fo, Fm, Fv are suitable to characterize 
stress potency. In addition, the effects of UV-B radia- 
tion on photochemical (qP) and energy dependent 
quenching qE (qE = part of NPQ (non-photochemical 
quenching), related to qNP ) are commonly measured. 
qP was calculated as [(F v )s - F v ]/(F v )s, where (F v )s 
is the variable Chi fluorescence at steady state; and 
F v is variable Chi fluorescence (= F, - F 0 , F, being 
fluorescence at time ‘t’, and F 0 being minimum Chi 
fluorescence). On the other hand, qNP was calculated 
as [(F v )max - (F v )s]/(F v )max, where (F v )max is the 
maximum variable fluorescence (= F m - F 0 , F m being 
the maximum Chi fluorescence). These parameters 
may also give insights into primary and secondary 
photosynthetic reactions under UV-B stress (also see 
chapters by Schreiber, Krause and Jahns, Bruce and 
Vasil’ev, and Gilmore). 

UV-impact on photosynthesis, monitored by Chi 
fluorescence, was mainly found under unnatural ir- 
radiation conditions either with UV-C or with high 
UV-B in a low white light environment. 

Typical time courses of the quenching coefficients 
qP and qE after different times of UV-B-irradiation 
are shown in Fig. 2. Seedlings exposed to the highest 
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Fig. 2. Chlorophyll fluorescence quenching coefficients qQ (photochemical quenching) and qE (high energy quenching) of sunflower 
cotyledons irradiated without (solid line) and with 1.24 Wnr 2 UV-B (dotted line). Time of irradiation was 3 d (2a) and 10 d (2b). re- 
spectively. Values of qQ are enhanced by 0.2 in the graphic. For clarity, values of qQ have been arbitrarily raised by 0.2 in the graphs. 
(See chapters by Schreiber; Krauss and Jahns: Baker and Oxborough. for information on definitions and calculations of the fluorescence 
parameters.) 



UV-B-irradiance of 1240 mWm 2 for 3 days showed 
a remarkably high quenching — in the beginning of 
the kinetics. A more oxidized state of the electron 
transport chain could be explained by a UV induced 
damage of PS 1 1 . Approaching the steady state, how- 
ever the qP values of the UV-B-exposed seedlings 
were only a little higher than those of the reference 
plants with no UV-B. After 3 days, the initial qNP- 
rise was more pronounced in seedlings exposed to 
UV-B and they displayed some high energy-quench- 
ing (qE)in the steady state. With prolonged time of 
UV-B exposure, the predominant effect in the steady 
state was the significantly reduced photochemical 
quenching while the thy lakoids of the U V-B-stressed 
plants developed a relative high energy state which is 
indicative of an inhibited turnover of the reduction and 
energy equivalents in the Calvin- Benson cycle. 

Thus, it is doubtful whether PS II is really a direct 



target in a natural environment (Allen et al., 1998). 
In Table 1 the Chi fluorescence parameters measured 
with the PAM fluorimeter were compared for sun- 
flower cotyledons grown for 12 d under artificial or 
natural irradiation conditions. By using Schott WG 
cut off filters, biologically effective UV-B irradiance 
(‘Plant’ weighed) was steadily increased with 2.4 
mW nr 2 ( WG 320), 242.3 mWnr 2 (WG 305), 896.3 
m Win 2 (WG 295) and 1737.5 mWnr 2 (WG 280). 
The solar control UV-B irradiance was 425.2 mWm 2 
(-UV-B) and 576. 1 mWm 2 (+UV-B ), which is a 35% 
relative enhancement of solar UV-B using the ozone 
filter technique. 

As shown in Table 1, all listed fluorescence pa- 
rameters except the initial fluorescence F 0 and the 
nonphotochemical quenching (qNP) decrease with 
increasing UV-B irradiances since all seedlings have 
been grown for the same time period under artificial 
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Table 1. Fluorescence parameters of sunflower leaves irradiated with artificial or solar radiation. WG = UV cutoff quarz glass filters 
with half band wavelength at 320nm, 305nm, 295nm and 280 nm. Fluence rates: WG 320: 65.3 mWnr 2> WG 305: 593.4 mWnr 2 ,WG 
295: 992,9 mWnr 2 ,WG 280: 1391,1 mWnr 2 (See list of abbreviations for definition of symbols used here.) 







Artificial radiation 


Solar radiation 




WG 320 


WG 305 


WG 295 


WG 280 


-UV-B 


+ UV-B 




88.93 a 


93.45 a 


128.72 b 


127.42 b 


319.97 a 


318.83 a 


r 0 


±5.4 


±18.22 


±40.12 


±19.59 


±36.37 


±25.63 




575.78 a 


559.5 a 


541.22 a 


433.5 b 


2181.38 a 


2261.19 ab 




±47.7 


±33.64 


±51.69 


±82.82 


±215.13 


±175.70 


17 


486.85 a 


466.05 a 


412.51a 


306.02 b 


1861.41a 


1942.36 b 


vm 


±43.1 


±30.6 


±51.69 


±75.93 


±185.56 


±155.48 


17 


356.56 a 


319.8 a 


317.78 a 


254.60 b 


1821.51 ab 


1902.97 b 




±41.91 


±35.03 


±47.12 


±51.22 


±240.05 


±209.09 


17 


267.63 a 


226.35 b 


189.06 c 


127.12 d 


1501.54 ab 


1584.15 a 


b v 


±36.85 


±37.63 


±19.78 


±50.13 


±209.32 


±190.47 


IT /IT 


6.47 a 


6.1 1 a 


4.50 b 


3.43 c 


6.84 b 


7.10 b 




±0.27 


±0.78 


±1.1 


±0.73 


±0.42 


±0.34 


IT /IT 


0.845 a 


0.833 a 


0.765 b 


0.698 c 


0.853 a 


0.858 a 


^ vn / m 


±0.006 


±0.028 


±0.056 


±0.055 


±0.009 


±0.006 


IT /IT 


3.99 a 


3.50 b 


2.60 c 


2.03 d 


5.69 a 


5.97 b 


V^o 


±0.26 


±0.56 


±0.50 


±0.51 


±0.37 


±0.43 




3.71 a 


3.46 b 


2.53 c 


1.91 c 


4.30 a 


4.31 a 


t\ 1 (1 


±0.15 


±0.42 


±0.58 


±0.44 


±0.37 


±0.36 


qP 


0.908 a 


0.901 ab 


0.891b 


0.899 ab 


0.887 a 


0.875 ab 


±0.006 


±0.007 


±0.025 


±0.025 


±0.028 


±0.034 


qNP 


0.268 a 


0.293 b 


0.343 c 


0.312 be 


0.556 a 


0.555 a 


±0.032 


±0.032 


±0.041 


±0.037 


±0.048 


±0.047 



UV-B and low white light conditions (PAR about 1 1 
Wnr 2 ), although the differences under WG 320 and 
WG 305 are small. Under PAR-values of about 325 
Wnr 2 the fluorescence parameters (F 0 , F m F vm , F p and 
F v ) are much higher than under low light conditions, 
but the differences between lower and higher UV-B 
are negligible. The reduced values F m /F 0 , F vm /F m and 
F p /F 0 values under artificial UV-B are consistent with 
earlier results on isolated chloroplasts and intact 
leaves of UV sensitive plants (Yamashitaand Butler, 
1968; Noorudeen and Kulandaivelu, 1982;Iwanzik 
et al., 1983; Cen and Bornman, 1990). They show 
that the quantum yield of PS II is lowered as the 
photochemical reactions of PS II are damaged at high 
UV-B irradiances. The enhanced F 0 values indicate 
that a reduced transfer of excitation energy from the 



light harvesting antenna to the reaction center occurs, 
whereas the reduction in F m points to a lowered pho- 
tochemical efficiency of PS II. It seems possible that 
PS II reaction centers are changed to dissipative sinks 
as suggested earlier (Iwanzik et al., 1983). However, 
Renger et al. (1989) found at very high UV-B irradi- 
ances damage in the water splitting system leading 
to a reduced electron transfer from water to P^ by 
which the back reaction from Q“ to P + 680 is favored 
and the complete reduction of the primary acceptors 
is no longer possible. The reduced Rfd-values (Chi 
fluorescence decrease from maximum, F M ), to steady- 
state, F s ) found in UV-B irradiated sunflower leaves 
(Table 1) point to a damage in the Calvin-Benson 
cycle, which corresponds to results showing reduced 
Rubisco activity under enhanced UV-B (Mark, 1992). 
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The increases in the qNP values also indicate a lower 
ATP-consumption in the dark reactions. 

In summary, UV-B damage at the PS II seems to 
increase with the UV-B irradiances and exposure 
time at low white light condition, as was also shown 
by Cen and Bomman (1990). Under ambient solar 
UV-B, differences in PS II -activity are low or com- 
pletely lacking depending on the plant species and 
the cultivars. This might be due to several protective 
and acclimation effects in the natural environment 
with high UV-B input. In two species ( Gunnera 
magellanica and Taraxacum officinale) growing in 
Tierra del Fugo, a habitat where the UV-B radiation 
is increasing due to the ozone depletion over Ant- 
arctica, no inhibition of PS II quantum efficiency 
could be detected at 17 kJ nr 2 d~‘ compared to the 
natural fluence of 10 kJ nr 2 d 1 (Barnes et al., 2000). 
In three Rumex- species with a natural distribution in 
lowland, mountain and alpine regions within Europe 
no differences in Chi fluorescence were found when 
6.47 kJ nr 2 d 1 were applied, whereas C0 2 -fixation 
rates were reduced (Hubner and Ziegler, 1998). Baker 
et al. (1997) found decreases in the light saturated 
rate of C0 2 assimilation without any changes in the 
maximum quantum yield of PS II when 40 kJ nr 2 d 1 
UV-B were applied to pea and oilseed rape plants . The 
reasons for this might be a loss of Rubisco activity 
and other enzymes of the Calvin- Benson cycle. In 
maize and sunflower plants grown at ambient UV-B 
levels in Portugal (about 47 kJnr 2 d“‘) net photosyn- 
thesis measured at light saturation decreased under 
higher UV-B by 8% to 29% depending on plant age 
and species when expressed on a Chi and plant basis 
(Mark andTevini, 1997). The lack of any UV-B effect 
may be due to several reasons such as increased cell 
wall thickness (lower transmittance) or by increased 
DNA repair mechanisms induced by high white light 
and high UVA/blue light. Furthermore, accumulation 
of UV-B absorbing compounds which is normally 
induced by UV-B can be reduced under extremely 
high UV-B due to damage of DNA/RNA and photo- 
reactivating enzymes. 

2. Photoinhibition 

Photoinhibition occurs under high white light condi- 
tions when the plastoquinone pool is totally reduced 
and the radical pair P6 8 0 + Pheophytur is recombined 
to form triplet state of P680 which reacts with oxygen 
to form singlet oxygen which degenerates the Di- 
protein (Aro et al. 1993; Telfer and Barber 1994; also 



chapters by Krause and Jahns, Bruce and Vasil’ev, 
Gilmore, and Golan et al.). Degeneration of the D1 
and/or D2 protein have often been found under high 
UV-B radiation (Friso et al., 1993, 1994; Spetea et 
al., 1996;Sass et al., 1997; Babu et al., 1999). Full 
reduction in the electron acceptor side occurs in leaves 
when the reduction equivalents cannot be consumed 
in the dark reactions due to closed stomata. As a 
protection against high photon fluxes, xanthophyll 
cycle is activated which quenches excitation energy 
within the PS II antennae forming dissipative sinks 
(see Chapter 2 1 , Gilmore). 

Only a few studies have focused on the influence of 
UV radiation on xanthophyll cycle activity. Pfundel 
et al. (1992) showed that violaxanthin deepoxidase 
activity in higher plants was inhibited by UV-B, a 
fact that also seems to be true for green algae (Dohler 
et al., 1997). Contradictory results were found for 
natural phytoplankton by Dohler and Hagmeier 
(1997). They reported increased concentrations of 
diatoxanthin accompanied by decreased amounts of 
diadinoxanthin induced by a combination of UV-A 
and UV-B. Goss et al. (1999) have provided evidence 
that UV-B stimulates the diadinoxanthin cycle in the 
diatom Phaeodactylum tricomutum. UV-B irradia- 
tion (3 pmol photons nr 2 s~‘) additionally applied 
to white light (300 pmol photons nr 2 s~‘) led to a 
short-term increase of diatoxanthin and a decrease 
in diadinoxanthin. The UV-B dependent increase 
in diatoxanthin was correlated with a concomitant 
enhancement of non-photochemical quenching of 
Chi fluorescence and a decrease in the quantum 
efficiency of oxygen evolution. This indicates that 
UV-B induced diatoxanthin functions in thermal 
energy dissipation. 

Another defense response of intact photosynthetic 
cells to UV-B damage is the repair of PS II via de novo 
synthesis of the D 1 and D2 proteins . Synechocystis sp . 
PCC 6803, a cyanobacterium, has two genes (psbAl 
and pabA2) encoding for identical D1 proteins. Upon 
low levels of UV-B radiation (0.1 pmoles photons 
nr 2 s -1 ) it reacts with transient enhanced transcrip- 
tion of psbA3 leading to enhanced protein synthesis 
from this gene. The main role of psbA3 transcription 
activated by UV-B is considered to increase the size 
of the psbA mRNA pool available for translation 
when a rapid repair of the D 1 protein is needed under 
UV-B stress (Vass et al., 2000). Synechococcus 7942 
contains three active psbA copies encoding for two 
distinct forms of the D1 protein. Upon exposure to 
UV-B irradiation, the expression of psbAII and ps- 
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bAIII are induced and lead to a transient exchange 
of Dl:l for Dl:2. It is concluded that resistance to 
UV-B is mediated by the exchange of the Dl: 1 and 
Dl:2 forms (Campbell et al., 1998). 

Brosche et al. (1999) showed a down-regulation 
of transcript levels of genes for PS II associated 
proteins in UV-B irradiated pea leaves, e.g., psbO 
encoding the 33 kDa protein in the water-splitting 
center and lhcbl-5 encoding Chi a/b binding protein. 
This implies decreased transcription or an increased 
turnover of these mRNAs, which in turn results in a 
decreased de novo synthesis of PS II and associated 
proteins. 

3. Dark Reactions 

Reduced net photosynthesis measured as light satu- 
rated carbon assimilation (A sat ) has often been found 
under enhanced UV-B (Teramuraand Sullivan, 1994; 
Baker et al., 1997; Mark and Tevini, 1997). The re- 
sponse of A sat to intercellular C0 2 concentration (C ; ) 
allows us to estimate the relative impacts on leaf 
photosynthesis imposed by stomata, carboxylation 
efficiency including the regeneration of ribulose 
1,5-bisphosphate (RuBP). Furthermore, according 
to the model by McMurtrie and Wang (1993) the 
maximum rate of non-cyclic electron transport (J^J 
contributing to the C0 2 assimilation, the maximum 
rate of RuBP carboxylation by Rubisco (V c max ) can 
be calculated as well as the stomatal limitations from 
the AJC i ( carbon assimilation as a function of internal 
C0 2 concentration (response curve. By using these 
parameters it was shown in oil seed rape leaves that 
UV-B decreases A sat V c>max and in the absence of 
any decreases of the photosynthetic activity of PS II 
(F v /F m ) indicating a loss or inactivation of Rubisco 
(Nogues and Baker, 1995, Baker etal., 1997 ). This can 
also be confirmed by the reduced Rfd-values found in 
sunflower leaves (Table 1) and direct measurements 
of Rubisco activity in UV-B irradiated maize leaves 
(Mark and Tevini, 1997). 

UV-B induced impact on both Rubisco activity 
and content have been reported in higher plants (Vu 
etal., 1982, 1984; Stridetal., 1990;Nedunchezhian 
and Kulandaivelu, 1991; Jordan et al., 1992; He et 
al., 1993; Huang et al., 1993; Kulandaivelu andNe- 
dunchezhian, 1993; Greenberg etal., 1996) 

Wilson et al. ( 1 995 ) reported the appearance of a 66 
kDa protein during UV-B exposure of various plants, 
which they attributed to a photomodified form of the 
large subunit of Rubisco. An UV-induced covalent 



dimerization of Rubisco subunits was found by Fer- 
reira et al. (1996). Levels of mRNA coding for both 
the large and small subunits of Rubisco have been 
reported to decline before any effect at the protein 
level was evident, what indicates that Rubisco itself 
may not necessarily be the UV-B photoreceptor 
(Jordan et al., 1991, 1992). 

UV-B irradiation (32 kJ nr 2 d 1 , weighted according 
to the generalized plant action spectrum, minimum 
photosynthetic photon flux density (PPFD) of 500 
pmol photons nr 2 s~‘) of mature leaves of oilseed 
rape induced a reduction in the content of sedohep- 
tulose 1 ,7 -bisphosphatase (SBP ) but not chloroplastic 
fructose 1 ,6-bisphosphatase or phosphoribulokinase 
on a leaf area basis (Allen et al., 1998). The reduced 
SBPase content may be responsible for a reduced ri- 
bulose bisphosphate regeneration observed in oilseed 
rape leaves. This is an example that reduction in the 
maximum rate of RuBP regeneration on exposure 
to UV-B radiation cannot always be attributed to a 
decline in electron transport rates (Strid et al., 1990; 
Ziska and Teramura, 1992; Liu et al., 1995). A de- 
crease in RuBP regeneration can occur in the absence 
of any significant effect on the quantum efficiencies 
of PS II photochemistry (Allen et al., 1998). The 
selective loss of SBPase in UV-B exposed oilseed 
rape leaves suggests that neither UV-B absorption 
by this protein nor unspecifically oxidizing ROS are 
responsible for this; perhaps, UV-B induces specific 
protein degrading proteases. 



IV. Photosynthesis Under Ecological 
Conditions 

Primary productivity and photosynthesis have been 
measured in several terrestrial ecosystems such as 
forests (McLeod and Newsham, 1997; Sullivan, 
1997) or forest species (Zeuthen etal., 1997; Pukacki 
and Modrzynski, 1998;Sprtova et al., 1999; Zinser 
et al., 2000; Bassmann et al., 2001), dune grassland 
(Rozemaetal., 1999), European heathland vegetation 
(Bjorn et al., 1997a,b) or tropical plants (Krause et 
al., 1999; Chapter 29, Cavender-Bares and Bazzaz; 
Chapter 31, Raven and Maberly). In most European 
heathland species, suchas in Phlomisfmticosa, Cistus 
creticus and Nerium oleander, negligible effects on 
photosynthetic activity, measured as F v /F max , have 
been observed under enhanced UV-B added to the 
solar UV-B. In Mediterranian pines, UV-B seems to be 
even beneficial to enhanced UV-B at least in periods 
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of water stress where the cuticle thickness increases 
and the stomata close. Several other Mediterranean 
plant species, such as Lavandula stoechas, Olea eu- 
ropea and Rosmarinus officinalis, did not show any 
negative effects on photosynthesis when grown in the 
field under enhanced UV-B and water stress (Nogues 
and Baker, 2000). The occurrence of a dense trichome 
layer, especially in young leaves of Olea europea 
and Quercus ilex may play a protective role not only 
against UV-B but also against high visible radiation 
(Karaboumiotis and Bommann, 1 999). In the African 
desert plant Dimorphoteca pluvialis, supplementary 
UV-B, applied during plant growth, causes increase in 
membrane stacking in chloroplasts isolated from this 
species resulting in increased photosynthetic activity 
of PS II (Yu and Bjorn, 1999). Apart from changing 
anatomical properties of the plant, the accumulation 
of UV-B absorbing compounds often found under 
enhanced UV-B in species of natural ecosystems as 
well as UV-B reflecting waxes may be the reasons for 
the protection of photosynthesis in nature (Tevini and 
Steinmuller, 1987; Smith et al., 2000). Tree species 
have been good examples for long-term accumulation 
of phenylpropanoids, flavonoids, anthocyanins and 
wax compounds considered as protectants (Filella and 
Penuelas, 1999; Fischbachetal., 1999; Gordon and 
Percy, 1999; Gould and Quinn, 1999;Turunen et ah, 
1999a, b ). Flowever, the correlation between accumu- 
lation of UV-absorbing compounds and protection of 
photosynthesis is not easy to prove because it has to 
be confirmed that the accumulated compounds are 
located in the epidermal cells. This correlation was 
better corroborated by the non-invasive method of 
fluorescence imaging in the blue, green and red light 
region ( Bilger et al. , 1 997; Krizek et al. , 200 1 ). Taking 
DNA damage as an indicator for UV-B action it was 
shown by this technique that phenolic compounds 
act as suncreens in Arabidopsis and soybean plants 
(Mazza et ah, 2000 ). In Arabidopsis mutants, which 
had lowered phenolic content, UV-B irradiation im- 
pacts light mediated turnover of the PS II reaction 
center heterodimer (Booij-James et ah, 2000). These 
results confirm earlier data showing that cinnamic 
acid glycosides accumulating in the epidermal layer 
of rye leaves protect photosynthetic activity in the 
mesophyll chloroplasts (Tevini et ah, 1991). Similar 
results have been obtained using the fiber optic mi- 
croprobe demonstrating that a reduction in produc- 
tivity may also be due to decreased interception of 
photosynthetic light (Olsson et al., 1999). 



V. Conclusions 

It is often shown that enhanced UV-B radiation can 
affect plant morphology, photosynthesis, plant de- 
velopment, phenology, gene expression in a negative 
and sometimes even positive way. Flowever, many of 
the negative or damaging effects elaborated under 
artificial UV radiation may be ameliorated under field 
conditions , when in addition to ambient or artificially 
enhanced UV-B the background white light repairs 
damage or increases content of protective pigments 
(Searles et ah, 2001). This is particularly true for 
photosynthetic activity, which will be reduced under 
extremely high UV-B or UV-C irradiances, but is unaf- 
fected or at least little affected when realistic balances 
of UV-B/UV-A and white light are applied. 

On the other hand, attenuation studies clearly show 
that higher UV-B can impact plant morphology and 
phenology when compared to lower ambient UV-B. 
This implies that at locations with low UV-B in the 
springtime, e.g. at northern latitudes, periodical in- 
creases of UV-B may create damage in unprotected 
seedlings or flowers. 
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Summary 

The response of Photosystem II (PS II) activity to water deficit, as characterized by measurements of chlorophyll 
(Chi) a fluorescence, greatly differs among plant species. Only cyanobacteria and lower plants are capable 
of rapid restoration of the PS II photochemical capacity following their rewetting after strong inhibition due 
to severe desiccation. In lower plants kept in light and in the air-dried state, which completely arrests PS II 
photochemical capacity, the minimum fluorescence yield is strongly quenched thus demonstrating a unique 
mechanism of long-term photoprotection. In addition water stress stimulates the well-known mechanisms of 
protection against strong light by significantly reducing the light requirement for zeaxanthin synthesis. In higher 
plants, PS II is highly resistant to mild water stress, as revealed by unchanged Fv/Fm (variable to maximal Chi a 
fluorescence) ratios. For C3 higher plants, stomatal closure greatly reduces the C0 2 content in the leaves kept 
under water stress thus enhancing electron flow with oxygen as the terminal acceptor. Also, the acidification of 
the intrathylakoid space owing to photorespiratory activity of Rubisco and/or PS I-driven cyclic electron transport 
in stressed C3 plants results in photoprotection ofthe photosynthetic apparatus. Both the above mechanisms are 
not able, however, to fully protect PS II activity against strong light, when water stress becomes more severe. 
The C3 plants are similar in this respect with CAM plants, in which the potential capacity for C0 2 production 
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from decarboxylation of organic acids seems to be insufficient for the maintenance of a high trans-thylakoid 
proton gradient under strong light. Unlike in lower plants, after a significant water deficit, restoration of the 
initial PS II activity in higher plants requires several days under well-watered conditions. Nevertheless, the 
restoration of PS II activity proceeds much faster than that of the overall photosynthetic capacity. 



I. Introduction 

Water availability is of great importance for both 
agricultural and natural plants. In many cases, it 
restricts the spatial distribution of species. Terrestrial 
cyanobacteria, green algae, and lichens can success- 
fully colonize extreme sites such as arid and semi -arid 
habitats owing to their ability to photosynthesize un- 
der low water potentials taking advantage of minimal 
water even in the form of dew or fog. From the eco- 
logical point of view, pioneering species in extremely 
dry areas largely contribute to the spreading of plant 
kingdom over the globe. Most plants, however, cannot 
suffer from severe drought without irreversible loss 
of their physiological functions. In agriculture, water 
deficit is considered to be the main yield-limiting 
factor for crop plants (Schulze, 1986). 

Photosynthesis is one of the most important physi- 
ological processes inhibited by water deficit (Kaiser, 
1987). During the last decades, several authors have 
reviewed various features of water stress action on 
the photosynthetic metabolism (Boyer, 1976; Han- 
son and Hitz, 1982; Comic, 1994; Ort et al., 1994; 
Lawlor, 1995; Comic and Massacci, 1996). In this 
chapter, we will mainly focus on peculiarities of water 
stress action on Photosystem II (PS II) function as 
PS II is known to be very sensitive to environmental 
stresses (Baker, 1991). The PS II redox state is largely 
influenced by the activities of other components 
of the photosynthetic machinery. In this respect, 
experiments using chlorophyll (Chi) fluorescence 
measurements appear to be of great importance as a 
non-destructive approach providing direct informa- 
tion on the redox processes in PS II in vivo under 



Abbreviations: <E> exc - quantum efficiency of excitation capture 
by open reaction centers of PS II; <E> psn - quantum efficiency of 
PS II photochemistry; Chi - chlorophyll; Fm, Fo - maximum 
and minimal Chi a fluorescence emission; Fv variable Chi a 
fluorescence, calculated as the difference Fm- Fo; NPQ - non- 
photochemical quenching calculated from Stem- Volmer equation; 
PEPC phosphoenolpyruvate carboxylase; PS I, PS II - Photo- 
system I, Photosystem II; Q A — primary quinone acceptor of PS II; 
qN - coefficient for non-photochemical quenching of chlorophyll 
fluorescence; qP - coefficient for photochemical quenching of 
chlorophyll fluorescence; Rubisco ribulose,l,5-bisphosphate 
carboxylase/oxygenase 



given conditions. The responses of PS II to different 
conditions of water availability will be compared in 
various plant taxa. In particular, specific responses 
to water deficit in poikilohydric plants, which are not 
capable of preventing the water losses by regulation 
of stomata aperture, will be compared to those in 
higher plants. 



II. Water Deficit in Desiccation-tolerant or 
Poikilohydric Lower Plants 

Desiccation-tolerant or poikilohydric plants represent 
a unique group of organisms capable of withstand- 
ing significant water losses with subsequent fast and 
nearly complete recovery of the functional activities 
after rehydration. Poikilohydry is a common phenom- 
enon for several lower taxa such as cyanobacteria, 
green algae, lichens, and bryophytes. Lower plants 
do not possess any mechanism for protecting their 
cells from water losses, but they have adapted to 
perform photosynthesis under a much wider range 
of internal water content in comparison with higher 
plants. Thus, microscopic cryptogams such as ter- 
restrial cyanobacteria cover every surface that is not 
occupied by other vegetation, including dry soils in 
arid lands (Lange et al., 1992). 

Short-term desic cation of cyanobacteria led to sup- 
pression of their overall photosynthetic capacity mea- 
sured as the PS II quantum yield in the dark-adapted 
state, Fv/Fm (Fv = Fm - Fo, where Fv is variable, 
Fm is maximal, and Fo is minimal Chi fluorescence), 
and photochemical quenching of Chi a fluorescence, 
qP, (Luttge et al., 1 995). Significant recovery of both 
parameters occurred within 1 h after rewetting of 
air-dried cells thus demonstrating their ability for 
rapid restoration of photosynthetic functions during 
the transition from dry to wet environment (Luttge 
et al., 1995). 

Desiccation of the green alga Chlorella first 
resulted in the disappearance of the slow M-peak 
in the induction curves of Chi fluorescence (see 
Papageorgiou, 1975, and legends to Figs. 2 and 3 
for nomenclature). This was followed by an increase 
in the steady state rates of reduction of the primary 
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quinone electron acceptor of PS II, Q A , measured as 
qP (Chen and Hsu, 1995). As the M-peak is related 
to the onset of C0 2 fixation (Walker, 1981; Bukhov et 
al., 1997), the Calvin-Benson cycle activity appears 
to be the most sensitive part of the photosynthetic 
apparatus to desiccation in Chlorella. More severe 
desiccation leads to a decrease in the Fv/Fm ratio and 
in a reduced photochemical quenching of Chi fluores- 
cence (Chen and Hsu, 1995 ). The above is likely due 
to a damaging effect on the oxygen-evolving system, 
but not on PS II reaction center, since Fv/Fm was not 
influenced by water loss in diuron-treated Chlorella 
cells. Diuron inhibits electron transfer by displacing 
Q b , the second plastoquinone electron acceptor of PS 
II. The unchanged Fv/Fm ratios measured in dark- 
adapted and diuron-treated cells demonstrated that the 
photochemical capacity of the PS II reaction centers 
was not affected (Chen and Hsu, 1995). Importantly, 
a clear threshold was found for the reversibility of the 
inhibition of the PS II photochemical capacity caused 
by dehydration (Chen and Hsu, 1995). 

In the two high intertidal red algal species ,Porphyra 
sanjuanensis and Porphyra perforata, both variable 
Chi fluorescence and 0 2 evolution decreased as des- 
iccation proceeded (Wiltens et al., 1978). The algal 
cells recovered their variable Chi fluorescence (Fv) 
rapidly when returned to seawater, even following the 
loss of more than 90% of the thallus water content . 
By measuring excitation and emission fluorescence 
spectra at 7 7K, it was found that phycobilisomes were 
functionally disconnected from PS II in cyanobacte- 
ria-containing lichen Peltigera rufescens even if thalli 
were in equilibrium with water vapor-saturated air 
(Bilgeretal., 1989a). Theelectronic excitation energy 
transfer from phycobilin pigments to Chls of PS II 
antenna became effective only after rehydration of 
Peltigera rufescens thalli in liquid water. 

Very low Fo levels were found in dry thalli of the 
green algae-containing lichens Ramalina maciformis 
and Peltigera rufescens. Fo increased 6-7-fold within 
5-20 min after rehydration (Bilger et al., 1989b). 
The response to watering was faster in Ramalina 
maciformis than in Peltigera rufescens. Those Fo 
changes may be caused by the modification of the 
optical properties of dry thalli after re-watering. 
One cannot rule out, however, that in the dry state, 
the algal component of lichens may be capable of 
very effective radiationless quenching of absorbed 
quanta in the antenna thus protecting both antenna 
and PS II reaction centers from photodestruction in 
the dry state. Indeed, Jeffries et al. (1993) reported 



that cryptogamic crusts kept dry for three years still 
demonstrated photosynthetic activity after rehydra- 
tion. Those protective mechanisms may not operate 
in well-watered algae which would result in an 
increased Fo. 

Studies of several lichens revealed a complex inter- 
dependence between the Chi fluorescence parameters 
and the water content in darkened thalli (Bilger et 
al., 1989b; Manrique et al., 1993; Calatayud et al., 
1997). Bilger et al. (1989b) were the first ones to 
find that the magnitudes of Fo and Fm, and Fv/Fm 
ratio remain unchanged in the green algae-contain- 
ing lichen Ramalina maciformis as long as the water 
content in thallus exceeds 50%, whereas all above 
parameters steeply declined following the reduction 
of relative water content from 50 to 30%. More severe 
desiccation did not affect Chi fluorescence. Similar 
dependence of Chi fluorescence parameters on the 
water content was found in thalli of several lichens: 
Parmelia quercina, Parmelia acetabulum, Pseude- 
vernia furfuracea, Ramalina farinacea, Evernia 
prunastri, Hypogymnia physodes, and Platismatia 
glauca despite the fact that the Fv/Fm ratios of the 
fully hydrated thalli varied among species ( Manrique 
et al., 1993; Calatayud et al., 1997). Strong light 
pulses were able to induce only a very small increase, 
if any, in Chi fluorescence in air-dried lichen thalli 
thus demonstrating nearly complete loss of PS II 
photochemical activity (Fig. 1, see also Bilger et 
al., 1989b; Manrique et al., 1993; Calatayud et al., 
1997). However, high Fv/Fm ratios were recovered 
within 30 min following the addition of water to dry 
thalli of Ramalina maciformis (Bilger et al., 1989b) 
or Parmelia querchina (Calatayud et al., 1997). 

In lichens, not only the potential capacity of PS II 
for charge separation, but also the light-induced 
down-regulation of PS II photochemistry is affected 
by the water content. Irradiation of darkened and fully 
hydrated lichen thalli resulted in a large increase in 
non-photochemical fluorescence quenching (NPQ) 
of Chi a fluorescence due to the development of a 
trans-thylakoid proton gradient followed by partial 
NPQ relaxation driven by the onset of carbon fixa- 
tion (Lange et al., 1989; Calatayud et al., 1997). At 
lower water content (20%), NPQ measured under 
moderate actinic light was even stimulated compared 
to fully hydrated thalli, and a stronger reduction of 
Q a was observed (Calatayud et al., 1997). The NPQ 
values were still higher for lichen thalli undergoing 
severe desiccation (relative water content of 7-8%) 
compared to fully hydrated ones, while values for 
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Fig. /. The changes in Chi fluorescence upon rewetting of air-dried 
thallus of the lichen Parmelia sulcata. The thallus was dried for 
3 days in the dark. The addition of water is indicated with open 
arrow. Upward and downward closed arrows indicate the onset of 
weak excitation light and the application of 1-s saturating white 
light pulses (75(M) pmol photons m 2 s -1 ), respectively. The figure 
illustrates the weak magnitude of Fo and the inability of saturat- 
ing pulses to induce variable fluorescence in dry thallus. while 
its rewetting led to a gradual increase of the Fo level and to the 
appearance of saturating pulses- induced variable Chi fluorescence. 
Data of N. Bukhov (unpublished). 

qP. <1> PSI1 (quantum yield of PS II ). and 4> ttc (quantum 
yield of exciton capture by open reaction centers of 
PS II ) were low. Thus, reoxidation of reduced Q A is 
less effective in desiccated lichens, and the fraction of 
open PS II photochemical traps markedly decreases 
even under moderate irradiances. 

From the above data, it seems clear that the water 
deficit can potentially lead to overreduction of the 
electron transport chain even when lichen tlialli are 
irradiated with low or moderate light due to lack of 
Q a reoxidation. To protect the photosynthetic appa- 
ratus front photoinhibition, several mechanisms en- 
hancing thermal dissipation of absorbed light energy 
are generally implicated in the antenna and/or reaction 
center of PS II (Krause and Weis, 1991; Schreiber and 
Krieger, 1996; see Chapters 1 1, Schreiber; and 18, 
Krause and Jahns). At least, two of them are thought 
to operate in dehydrated lichens. 

Dithiothreitol, which is known to inhibit the activ- 
ity of violoxanthin deepoxidase ( Demmig- Adams, 
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1 990; Demmig- Adams et al.. 1 990), largely prevents 
the development of non-photochemical quenching in 
hydrated green algae-containing lichen tlialli. Treat- 
ment of tlialli with dithiothreitol was found to greatly 
reduce NPQ in desiccated lichens as well (Calatayud 
et al., 1997). These findings favor the view that de- 
epoxidation of violoxanthin to zeaxanthin is involved 
in the development of non-photochemical quenching 
of Chi fluorescence in lichens and that the mechanism 
is still highly effective in dehydrated tlialli (Calatayud 
et al., 1997). In addition to zeaxanthin-dependent 
non-photochemical quenching, the dissociation of 
the major light-harvesting complex from the PS II 
core with increasing transfer of excitation energy to 
PS I have been implicated in providing protection 
against desiccation-induced photodamage in lichens 
(Sigfridson, 1980; Bilgeretal., 1989a). 

Mosses represent more developed organisms com- 
pared to lichens because they contain true autotropliic 
cells, but their response to water deficit is quite simi- 
lar. In the moss Pleumzium, Fm remained relatively 
constant above a water content of 80% (Williams 
and Flanagan, 1998). Below this value, maximum 
fluorescence dropped and reached zero at a water 
content of 50% . Decline in Chi fluorescence followed 
a similar trend to that of net CO, assimilation capac- 
ity. Flowever, those parameters demonstrated clearly 
different patterns upon rewetting of desiccated moss 
(Williams and Flanagan, 1998). Light transformation 
in PS II reaction centers recovered quickly, whereas 
other photosynthetic processes recovered more slowly 
thus limiting the photosynthetic capacity during the 
transition from dry to wet state. 



III. Water Deficit in Desiccation-tolerant 
Vascular Plants 

Only a few higher plants, so-called ‘resurrection 
plants’ (Bewley. 1979), are capable of tolerating a 
dramatic water loss approaching desiccation. Among 
them, there are 60-70 species of pteridophytes and 
about 100 species of angiosperms (Gaff, 1977). 
Comparative study of the action of desiccation on 
Chi fluorescence in two resurrection angiospenn 
species, Craterostigmu plantagineum and Ceterach 
officinarum, and in spinach, a drought-sensitive plant 
species, were carried out by Schwab et al. (1989). 
Both drought-tolerant and drought-sensitive species 
exhibited complete loss of variable Chi fluorescence 
upon strong desiccation (relative water content of 
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20%). In contrast to resurrection plants, which demon- 
strated full restoration of variable fluorescence upon 
rewetting, no recovery of variable fluorescence was 
observed in spinach leaves (Schwab et al., 1989). 

A significant light-induced decline in Fv/Fm ratios 
was observed after 1 to 2 hours of dehydration of the 
resurrection pteridophyte Selaginella lepidophylla 
even under irradiation at light intensities as low as 
50 pmol photons nr 2 s -1 , whereas fully hydrated 
plant tissues demonstrated small Fv/Fm ratios only 
under high light (Casper et al., 1993). The former 
response was likely not related to photoinhibition 
as an Fo increase appeared only after 6 to 10 hours 
of dehydration. Similar to the behavior of Fv/Fm, 
accumulation of zeaxanthin was induced in stems 
of S. lepidophylla within 1 to 2 hours of dehydration 
under weak light. High content of zeaxanthin have 
been also found in stems of S. lepidophylla, which 
were dehydrated in the field (Eickmeier et al., 1993). 
This indicates the involvement of zeaxanthin-de- 
pendent non-photochemical quenching of absorbed 
quanta in the photoprotection of PS II in dehydrated 
S. lepidophylla. 

Desiccation-tolerant plants are subdivided into 
homoiochlorophyllous and poikilochlorophyllous 
groups. In the first group of plants, such as lichens and 
mosses, the Chi content and the photosynthetic ap- 
paratus are preserved during desiccation. In contrast, 
poikilochlorophyllous plants are characterized by the 
dramatic loss of Chls and degradation of thylakoid 
membranes during slow desiccation (Bewley, 1979; 
Hetherington and Smillie, 1982; Tuba et al., 1994). 
In the course of slow desiccation of the poikilochlo- 
rophyllous plant Xerophyta scabrida, in addition to 
the loss of Chls, the relative fluorescence yield near 
690 nm increased continuously as compared with 
fluorescence emission at 735 nm (Csintalan et al., 
1998). The 690 nm band, not the 735 nm band, would 
be reabsorbed as Chi concentration increases. The 
ratio of emissions at 690 nm and 73 5 nm (F690/F73 5) 
inversely correlated with the total Chi content thus 
providing possibilities for a non-invasive assay of 
Chls in plant tissues (also see Chapter 28, Lichen- 
thaler and Babani). 



IV. Water Deficit in Desiccation-sensitive 
Higher Plants 

In leaves of higher plants, it is generally assumed 
that drought-induced decrease in photosynthesis is 



primarily due to stomata closure that limits water 
losses together with carbon input thus reducing the 
rate of C0 2 fixation. This is considered to be the 
major factor restricting carbon assimilation under 
short-term water stress (Comic, 1994). It has been 
shown, for long-term drought, that stomatal control of 
photosynthesis becomes progressively less effective 
as water deficit in soil becomes stronger (Tezara and 
Lawlor, 1995). Long-term water stress can inactivate 
Rubisco (Medrano etal., 1997) thus further reducing 
the capacity for carbon assimilation and potentially 
enhancing photoinhibitory damage of photosynthesis 
(Bjorkman and Powles, 1984). 

A. Drought Effect on the Maximum Photo- 
system (PS) II Quantum Efficiency in Dark- 
adapted Leaves 

Early studies of the effect of water deficit on PS II 
photochemical activity in leaves of higher plants 
mostly used the fast induction of Chi fluorescence, 
the Kautsky curve, i.e., the O(Fo) - P(Fni) - S(Fs) 
transient. Govindjee et al. (1981) reported that the 
ratio of variable fluorescence taken as the height 
of the P-peak in the fast fluorescence transients to 
Fo is reduced from 3.0 in control leaves of Nerium 
oleander to a minimal value of 0. 1 at water potential 
of -3.9 MPa. No significant action of water deficit 
on Fo was observed in that study. Similar results 
were obtained in water-stressed leaves of maize 
(Havaux and Lannoye, 1983), hard wheat (Havaux 
and Lamioye, 1985b), Pinus radiata (Conroy et al., 
1986), and Digitalis lanata (Stuhlfauth et al., 1990 ). 
In contrast, Genty et al., (1987) did not observe any 
decline in the magnitude of the P-peak in leaves of 
Nerium oleander grown at weak irradiance, while 
it gradually declined with water potential in high 
light-grown leaves (Genty et al., 1987). In cotton 
plants grown at high irradiances, the magnitude of 
the P-peak even increased following the drop of leaf 
water potential (Genty et al., 1987). Lu and Zhang 
(1998) finally reported the independence between 
both the P-peak magnitude and Fo level and the 
water potential in wheat leaves. They also found 
that water deficit does not induce the transformation 
of active PS II centers into Q B -non-reducing ones, 
which were quantified using the magnitude of the 
initial fast fluorescence jump induced by a sudden 
onset of actinic light (Lu et al., 1998). Thus, rather 
controversial studies of the fast Chi fluorescence 
induction (the O-P-S transient ) revealed at least that 
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drought resistance of PS II photochemical capacity 
is modulated by other environmental factors such 
as light regime during plant cultivation, and varies 
among higher plant species. 

Several attempts to characterize the action of 
drought stress on fast Chi fluorescence transients 
were carried out using measurements of the maximum 
rate of fluorescence increase to the P-peak and the 
following fluorescence decline beyond the P-peak 
(Hetherington and Smillie. 1982; Conroy et al., 
1 986 ). A gradual decrease in the rate of fluorescence 
decline after the P-peak relative to the initial rate 
of the fluorescence rise to the P-peak that occurred 
upon dehydration of Borya nilida was assumed as 
the evidence of a preferential slowing down of the 
electron flow subsequent to PS II. 

The parameters of fast fluorescence induction 
transients analyzed in the aforementioned studies 
represent rather empirical parameters as being mea- 
sured under moderate irradiances. These parameters 
can hardly provide a quantitative characterization of 
electron transport rates. In contrast, the maximum 
Chi fluorescence level. Fm. measured using pulses 
of very strong light, corresponds to complete reduc- 
tion of the primary PS II acceptors and full closure 
of PS II photochemical traps. The decrease of leaf 
water potential from -0.5 to less than -2.0 MPa, 
which caused a six-fold decrease in both the rate 
of CO, assimilation and leaf stomatal conductance 
had no effect on the magnitudes of Fo and Fm. and, 
therefore, on Fv/Fm ratio (Lu and Zhang, 1998), 
which is used as a measure of the maximal pho- 
tochemical efficiency of PS II (Krause and Weis, 
1991). Less robust parameters that could be more 
sensitive, such as the effective quantum yield of 
PS II photochemistry, (Fm' - Fm)/FnT, where Fm 
and FnT are maximal fluorescence in dark -adapted 
and light-adapted samples, respectively, were not 
measured. Thus, unlike the magnitude of the P-peak, 
Fv/Fm measured in darkened leaves of C3 plants at 
room temperature was found, in several studies, to 
be mostly unaffected by mild water stress, indicating 
negligible changes in maximal PS II photochemis- 
try (Di Marco et al., 1988; Stuhlfauth et al., 1988, 
1990; Bukhov et al., 1989; Flagella et al., 1998; Lu 
and Zhang., 1998). This conclusion was supported 
by the measurements of Fv/Fm at 77K, i.e. under 
conditions preventing Q A reoxidation by secondary 
quinone acceptors (Comic et al., 1989). 

The Fv/Fm ratio was, however, somewhat reduced 
in dehydrated leaves of Elaiostema nepens , a plant 
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Fig. 2. Kinetic curves of Chi fluorescence changes induced by red 
actinic light (20 W nr 2 ) in leaves of Doltehos labial) with various 
water contents (indicated on the figure). Curves are normalized 
to an equal value of Fo. Spikes in Chi fluorescence are due to 
applications of 1-s saturating white light pulses to obtain the 
Fm values. Upward and downward arrow's indicate the onset of 
red actinic light and the application of the saturating white light 
pulse, respectively. Fo. Fm. and F'. indicate the constant level 
of fluorescence, and the maximum levels of Chi fluorescence 
in untreated and desiccated leaves, respectively. The figure illus- 
trates the loss of non-monotonous changes in Fm level upon leaf 
desiccation. Reproduced from Bukhov et al. ( 1989). 

species originating from tropical rainforests which 
barely experienced water stress during evolution 
(Comic et al., 1989) and in some perennial C4 
grasses (Heckathorn et al., 1997). There are some 
studies in which a dramatic Fm decrease was found 
in water-stressed leaves (see Figs. 2 and 3). Demmig 
et al. (1988) reported that Fm remained unchanged 
in leaves of Nerium oleander under a small water 
loss, but a severe stress resulted in more than a two- 
fold decline of Fm and a significant increase in Fo 
that were attributed to the photoinhibition of PS II 
(Cleland et al., 1986). The drought-induced decline 
in the maximum PS II quantum yield, if it occurred, 
was reversed by plant watering, but it required 8 
days in the case of Androgon gerardii. Importantly, 
however, Fv/Fm recovered faster than the maximal 
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Fig. 3. (A) Kinetic curve of Chi fluorescence transients induced by red actinic illumination (20 W m : ) in untreated Dolichos labial) 
leaves, and the influence of water content on: (B) the magnitude of the maximum Chi fluorescence level, (C) the magnitude of the fast 
initial decline Fp-F sl , (D) the ratio of magnitudes between the slow M,-peak and the initial P-peak of Chi fluorescenee.The values of Fm. 
Fp-F sl , and F M1 /Fp are normalized to the corresponding values obtained in untreated leaves.The figure illustrates the different sensitivities 
of various parts of the Chi fluorescence kinetics to the degree of leaf desiccation. Reproduced from Bukhov et al. ( 1 989 ). 



overall photosynthetic capacity assayed as oxygen 
evolution under saturating light and C0 2 concentra- 
tion (Heckathorn et al., 1997). 

B. Water Deficit Modifies Light-induced 
Changes in Chlorophyll Fluorescence 

Similar to that in algal cells, the slow M-peak in leaves 
was the most sensitive part of fluorescence induction 
and it disappeared during the initial stages of leaf 
desiccation (Fig 3, see also Havaux and Lannoye, 
1985a,b; Toivonen and Vidaver, 1988; Stuhlfauth et 
al., 1988; Bukhov etal., 1989). Rewatering restored 
the slow M-peak (Bukhov et al., 1989). Irradiation 
of pre-darkened non-stressed leaves by actinic light 
of moderate intensity resulted in a nonmonotonous 
decrease of the M-peak and a following increase in 



the magnitude of Fm', the Chi fluorescence yield 
observed upon application of a saturating light pulse 
to irradiated samples. Those phases of slow kinet- 
ics indicate the development of non-photochemical 
quenching of Chi fluorescence and its further re- 
laxation following activation of the Calvin-Benson 
cycle enzymes (Buchanan. 1980). The extent of this 
relaxation of non-photochemical quenching gradu- 
ally disappeared as water stress became more severe 
(Fig. 2, see also Bukhov et al., 1989; Flagella et al., 
1998). As a result, the steady-state qN (a coefficient 
for non-photochemical quenching) value was found 
to be larger in leaves that experienced severe water 
stress. Importantly, the light-induced decline in Fm' 
was lower in C0 2 -enriched air as compared with 
normal air especially under severe stress conditions 
(Flagella et al., 1998). 
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During water stress, the Calvin-Benson cycle func- 
tion is restricted by the low internal C0 2 concentration 
owing to stomata closure (Renou et al., 1990 ). Thus, 
the problem of the protection of the photosynthetic 
apparatus, especially PS II, against excessive light 
becomes very important under unfavorable condi- 
tions such as water deficit. Photoinhibition of pho- 
tosynthesis in visible light occurs when the antenna 
pigments absorb light in excess to what can be de- 
excited through photosynthesis (Powles, 1984). A 
consequence of desiccation-induced decrease in C0 2 
fixation is that even a moderate light which may not be 
excessive in unstressed leaves can become excessive 
after water stress (Biehler and Fock, 1996). 

Down-regulation of PS II activity is thought 
to occur predominantly through ApH-dependent 
quenching of excitons in the PS II antenna (Krause 
and Weis, 1991) or in PS II reaction centers (Weis 
and Berry, 1987); for a complete discussion of this 
phenomenon that includes the functioning of the 
xanthophyll cycle, and the roles of various PS II light 
harvesting antemia complexes, including the psbS 
gene product, see Chapters 18, Krause and Jalins; 
20, Golan et al.; and 21, Gilmore). As C0 2 is barely 
available in chloroplasts of water-stressed leaves, 
some alternative electron ac cep toft's) must be reduced 
on the PS I acceptor side to create a trans-thylakoid 
proton gradient during linear electron transport. In a 
series of researches carried out with various higher 
plant species in G. Comic’s laboratory (see Comic, 
1994; and Comic and Massacci, 1996, for reviews), 
it was demonstrated that 0 2 -sensitive processes can 
modulate the protective effect against strong light 
in water-stressed plants. Unlike in non-dehydrated 
plants of Phaseolus vulgaris, in which the decline 
of qP with increasing actinic light was found to be 
nearly the same in 20% 0 2 with and without C0 2 , qP 
was larger in the presence of C0 2 in stressed plants 
thus demonstrating higher steady state Q A reduction 
(Comic et al., 1 989). This finding shows that oxygen 
can replace C0 2 as an electron acceptor in non- 
stressed plants, but not entirely in dehydrated plants. 
The rate of noncyclic electron transport estimated 
from measurements of <J> PSII at the C0 2 compensation 
point demonstrated the same light response curve 
for non-stressed and dehydrated French bean leaves 
(Brestic et al., 1995). The maximum rate of noncyclic 
electron transport was calculated to be 38% of the 
maximum rate occurring at saturating light and C0 2 
concentration in dehydrated leaves. It decreased by 
65% when oxygen concentration was switched from 
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21 to 2% (Brestic et al, 1995). Simultaneously, qP 
dramatically decreased. These results were supported 
by experiments with grapevine leaves, in which the 
reduction of the maximum electron transport rate 
was less than 50% in water-stressed leaves with 
completely closed stomata (Flexas et al., 1998). It 
was assumed therefore that oxygen is a major sink 
for electrons in dehydrated leaves, and linear electron 
transport providing a trans-thylakoid proton gradient 
is supported under such conditions by the oxygenation 
of Rubisco. Remarkably, the linear relationship be- 
tween the quantum yield of linear electron transport 
and the quantum yield of C0 2 fixation (Genty et al., 
1989) is not changed by mild desiccation of leaves 
if measured under non-photorespiratory conditions 
(Comic et al., 1992). Thus, if oxygen is removed as 
the sink for electrons in PS I, photosynthetic C0 2 
fixation proceeds in water-stressed leaves similarly 
to conditions of low C0 2 concentrations. 

The increased oxygen reduction rates in water 
stressed leaves can result in an enhanced produc- 
tion of superoxide radicals and H 2 0 2 . The observed 
stimulation of glutathione reductase activity in leaves 
of water-stressed plants may serve to protect chloro- 
plasts against damaging oxygen species (Gamble and 
Burke, 1984 ). The involvement of Mehler-peroxidase 
reaction sequence (Foyer et al., 1994) also cannot 
be excluded. 

An alternative mechanism for ApFI generation in 
water-stressed leaves was also proposed (Heber et 
al., 1986; Katona et al., 1992). It was assumed that 
in water-stressed leaves photorespiratory activity 
can protect the photosynthetic apparatus not only 
by relieving excessive reduction of the electron 
transport chain intermediates, but also by facilitat- 
ing coupled cyclic electron transport around PS I. 
Indeed, under far-red background light specifically 
exciting PS I, light scattering at 535 nm increased, 
indicating energization ofthylakoid membrane, while 
Fm' decreased demonstrating the development of 
non-photochemical fluorescence quenching (Katona 
et al., 1992). Those effects, being reversible after 
removing far-red light, provide evidence in favor of 
a PS I-dependent control of PS II activity in stressed 
leaves (see Fleber and Walker, 1992, for generaliza- 
tion of this idea ). 

Acidification of the intrathylakoid space is known 
to initiate deepoxidation of violoxanthin to anther- 
axanthin and further to zeaxanthin, which enables 
thermal dissipation of captured quanta thus protecting 
PS II from photoinhibition (see Niyogi, 1999; and 
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Chapters 18, Krause and Jalins; 20, Golan et al.; and 
21, Gilmore). In sun leaves of Neman oleander, a 
several-fold increase in the content of zeaxanthinhas 
been found after two days of water stress (Demmig 
et al., 1988). Importantly, in contrast to well-wa- 
tered plants, deepoxidation of violaxanthin was not 
reversed completely during a 12-h dark period in 
dehydrated plants. One can speculate therefore that 
reduced values of Fv/Fm measured at the end of the 
dark period in dehydrated leaves of Nerium oleander 
(Demmig et al., 1 988) were due to a high residual level 
of zeaxanthin but not to the presence of damaged PS II 
reaction centers. Brestic et al. (1995) have observed 
that low light was capable of increasing zeaxanthin 
content in water-stressed leaves but not in the con- 
trol ones. This observation clearly demonstrates the 
similarity between water stress-sensitive plants and 
resurrection plants (Casper etal., 1993) with respect 
to the greatly reduced light requirement for zeaxan- 
thin synthesis in dehydrated plant tissues compared 
to well watered plants. Interestingly, the quenching 
efficiency of zeaxanthin is weaker in water-stressed 
plants as evidenced by the less steeper slope of the 
linear relationship between Fv/Fm and zeaxanthin 
content (Brestic et al., 1995). 

Measurements of emission spectra of Chi fluo- 
rescence have demonstrated that the state 1- state 2 
transition is partially inhibited in dehydrated leaves 
(Havaux and Lamioye, 1 985a). This mechanism thus 
appears to be less important for photoprotection of 
PS II against excessive light in water-stressed leaves 
than in untreated ones. (For a discussion of state 1 
and state 2, see Chapter 17, Allen and Mullineaux. ) 

C. Long-term Changes in Quenching of Fluo- 
rescence Parameters (qP, qN), and the Initial 
Fluorescence (Fo) Probably Relate to Non- 
stomata! Effects of Prolonged Severe Drought 

From the above discussion, it seems likely that the 
effects of mild and even moderate water stress on PS II 
function are related to the stomata closure and the 
corresponding restriction and redirection of electron 
transport. One cannot rule out, however, that severe 
drought may induce so-called non-stomatal effects 
on leaf photosynthesis that are related to the dam- 
age of constituents of the photosynthetic apparatus. 
Indeed, following prolonged drought, qP increased 
and qN decreased in perennial C4 grasses irradiated 
with strong light indicating substantial downregula- 
tion of electron transport. This was likely related to a 



restricted electron transport from PS II and a slowing 
down of the transthylakoid ApH consumption due 
to the loss of major photosynthetic enzymes, such 
as Rubisco and phosphoenol pyruvate carboxylase 
(PEPC; Heckathom et al., 1997). qP recovered its 
normal values after rehydration within 1 to 3 days 
indicating damage location downstream from PS II 
and relatively rapid repair. In contrast, post-drought 
recovery of qN proceeded within 8-12 days after 
rehy dration and was thus more closely correlated with 
the restoration of damaged maximum photosynthetic 
capacity (Heckathorn et al 1997). Numerous studies 
demonstrated that severe water stress results in the 
damage of both the oxygen evolving system (Canaani 
etal., 1986;ToivonenandVidaver, 1988) and the PS II 
reaction centers (Havaux et al., 1986, 1987). 



V. Photosystem II Function in Crassu- 
lacean Acid Metabolism Species under 
Drought Conditions 

Crassulacean acid metabolism (CAM ) is considered 
as an adaptation to drought stress, involving a tem- 
poral C0 2 concentrating mechanism due to nocturnal 
C0 2 uptake mediated by PEPC. The CAM pathway 
affords a high degree of flexibility in response to 
environmental conditions. In CAM plants, drought 
causes almost complete cessation of gas exchange 
during the day, which provides an ecological advan- 
tage because of the very small residual water losses 
(Kluge and Ting, 1978). As in C3 plants, stomata 
closure also prevents atmospheric C0 2 uptake in 
CAM plants, thus limiting photosynthetic activity. 
However, internal C0 2 derived from decarboxylation 
of noctumally accumulated organic acids provides 
an energy sink during daytime (Martin and Adams, 
1987). Biochemistry of CAM may thus provide some 
degree of protection against photoinhibition through 
cellular recycling of C0 2 (Osmond, 1978). 

Several C AM species grown in shadowed habitats 
demonstrated a strong inhibition of variable Chi 
fluorescence and quantum yield of photosynthesis 
when exposed to full sun light (Winter et al., 1986). 
The extent of photoinhibition of PS II photochemistry 
measured as Fv/Fm at 77K, or as the height of the 
P-peak in the fast fluorescence induction traces at 
room temperature, was higher in C AM plants grown 
under lower light (Adams et al., 1987). Remarkably, 
pre-adaptation of plants to different light regimes can 
determine the photosynthetic response to drought 
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in CAM species. In the low light-grown CAM plant 
Delisperma tradescantoides, light-response curves 
for <&p SII were similar in desiccated and well- watered 
plants, whereas <J> pgII in high light-grown plants 
was always higher at a given irradiance in well-ir- 
rigated individuals (Herppichetal., 1998). Prolonged 
drought, resulting in a great decrease in malate, 
increased the extent of qN in leaves of Delisperma 
tradescantoides plants, particularly enhancing its 
fast relaxing component, thus demonstrating ApH- 
dependent reversible down-regulation of PS II activity 
likely because of the restricted C0 2 production in 
the CAM cycle (Herppich et al., 1998). In another, 
probably less flexible desert obligatory CAM plant, 
Aptenia cordifolia, Fv/Fm and thus maximum PS II 
efficiency were increasingly depressed during pro- 
longed drought (Herppich and Peckmann. , 1997). The 
absence of damage of the PS II reaction center per 
se was demonstrated by the absence of any change 
in Fo, whereas the decrease in Fv/Fm was due to a 
decrease in Fv. Decreased Fv/Fm ratios were com- 
pletely reversed overnight after rewatering. Similar 
results were obtained by Tuffers et al. (1995) with 
two other CAM succulent species. 

Many plant species are capable of rapidly switch- 
ing their carbon metabolism from the C3 pathway 
to the CAM pathway during prolonged stress. The 
values of <t> PS[[ were lower in leaves of Clusia minor 
sampled during the dry season, when they exhibited 
C AM metabolism, than in leaves sampled during the 
wet season, when they demonstrated the C3 pathway 
of carbon fixation, even though the absolute amount 
of C0 2 generated internally from decarboxylation 
of organic acids was increased during the dry sea- 
son (Borland et al., 1996). This may indicate that 
drought-induced internal C0 2 supply from organic 
acid cannot provide an adequate sink for electron 
transport compared to usual C0 2 consumption from 
the atmosphere via the Calvin-Benson cycle. Despite 
the internal release of CO, from malate and citrate 
breakdown, diurnal changes occurred in Fv/Fm and 
Fo thus indicating dynamic down-regulation of photo- 
synthesis (Borland et al., 1996). Again, the potential 
capacity for C0 2 production from decarboxylation of 
organic acids seems insufficient for maintenance of 
a high transthylakoid proton gradient in the middle 
part of the day as the recovery of photo synthetic pa- 
rameters in the afternoon was observed only during 
the wet season, but not during the dry season when 
stomata were closed at night as well. 
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VI. Conclusions 

In contrast to many environmental stresses, mild 
and moderate water deficit does not result in a dra- 
matic damage of optimal (maximal ) photochemical 
activity of PS II. The range of water contents within 
which the photosynthetic apparatus can effectively 
function specifically depends on the plant species. 
A good example of such specificity was presented 
by Kawamitsu et al. (2000), who have shown in a 
comparative study that sunflower leaves abruptly lost 
their photosynthetic activity when the water content 
decreased below 75%, while only a gradual decrease 
of photosynthetic activity was observed in the marine 
alga Fucus vesiculosus following water losses up to 
20%. The above example further demonstrates the 
much broader range of water content, which allows 
active photosynthesis in algae. 

Various strategies were developed in the plant 
kingdom to protect the major physiological functions 
under conditions of unfavorable water availability. 
Markedly contrasting ecological types of plants ex- 
ist, such as desiccation-tolerant ones capable of fast 
recovery of PS II activity after rewatering from the 
dry state, and desiccation-sensitive ones, which do 
not survive severe dehydration. Two points should be 
stressed in this respect. First, PS II photochemical 
activity is completely lost in both severely desiccated 
poikilohydric and desiccation-sensitive plants. Sec- 
ond, PS II of desiccation-sensitive plants is potentially 
capable of restoring its photochemical functions even 
after severe desiccation. Dry films of isolated thyla- 
koids desiccated under vacuum demonstrated only 
small residual light-induced variable Chi fluorescence 
with Fv/Fo ratios of 0.05-0.08 (Karapetyan and 
Bukhov, 1979). After fast resuspension of such dry 
films, however, more than 60% of the initial activity 
was restored and Fv/Fo ratios reached 2. 5-2.8 with 
water as electron donor. Thus, the potential stability 
of PS II reaction centers under severe desiccation is 
very high in chloroplasts of higher plants. Very likely, 
weak tolerance of PS II photochemical capacity to 
severe water stress in leaves of desiccation-sensitive 
plants is related to the integrated reactions of the leaf 
including its wilting and corresponding activation of 
damaging enzymes. 
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Summary 

Chlorophyll (Chi ) fluorescence has significantly contributed to our understanding of heavy metal ion stress 
in plants — providing both the mechanistic details and the extent of damage. Heavy metals inhibit multiple 
metabolic processes in plants and a variety of Chi a fluorescence measurements, such as steady state emis- 
sion, ultrafast decay analysis, fast and slow induction have been used to obtain information on the nature of 
this inhibition including the alterations induced in the structure-function relationship of photosynthetic mem- 
branes. Almost all Chi a fluorescence induction parameters (minimal fluorescence (F 0 ), variable fluorescence 
(F v ), maximum fluorescence (F M ) and steady-state fluorescence (F s )) are affected; the extent of variation is 
dependent on two important experimental conditions — the growth stage of plants at which they are exposed 
to metal( s) (in this chapter, metals and metal ions have been used interchangeably, although it is the ions that 
are considered to act) and the duration of metal ion exposure to plants. A significant suppression in decrease 



*Author for correspondence, email: Joshi.Manoj@unilever.com. 
formerly at Jawaharlal Nehru University, New Delhi 



George C. Papageorgiou and Govindjee (eds): Chlorophyll a Fluorescence: A Signature of Photosynthesis, pp. 637-661. 
© 2004 Springer. Printed in The Netherlands. 




638 



Manoj K. Joshi and Prasanna Mohanty 



from F m to F s (Rfd) is attributed to the feed-back inhibition induced due to a slower Calvin-Benson cycle in 
heavy metal treated plants. In fact, fast and slow Chi a fluorescence induction studies have shown that the Cal- 
vin-Benson cycle, and not the thylakoid electron transport chain is the primary target of heavy metal toxicity. 
Being a non-invasive and rapid probe, Chi fluorescence can potentially be used for the early identification of 
metal ion toxicity and also in detecting cultivars with various degrees of metal ion tolerance. With advances 
in the resolution of measured Chi a fluorescence signal, and the development of Chi image analysis providing 
details at the level of single chloroplast, our understanding of the mechanistic details and the specificity of 
metal ion action on plants will further be advanced at a rapid rate. 



I. Introduction 

A high degree of technical advancement in the reso- 
lution of measured Chlorophyll (Chi ) a fluorescence 
signal , and a detailed understanding of its relationship 
with the light and dark reactions of photosynthesis, 
has brought it a long way from the original observation 
of Kautsky and Hirsch (193 1). Dependence of Chi a 
fluorescence yield to various sets of photochemical 
and non-photochemical reactions makes the tech- 
nique vulnerable for misinformation (Govindjee, 
1995). It was once thought to be unreliable (Holz- 
warth, 1993), however, its sensitivity, rapidity, non- 
invasive nature, and highly worked out relationship 
to light and dark reactions of photosynthesis makes 
it a method of choice (Lichtenthaler and Rinderle, 
1988; Bolhar-Nordenkampfetal., 1989; Foyer etal., 
1990; Krause and Weis, 1991; Walker and Osmond 
1986; Lidon et al., 1993; Govindjee, 1995; see also 
Chapters 1 1 , Schreiber; 12 Strasseretal.; 18, Krause 
and Jalins; and 28, Lichtenthaler and Babani). This 
has led to the development of Chi a fluorescence as 
a convenient, prompt and non-invasive probe of the 
organization of photosynthtetic membranes, and the 
biochemistry and physiology of CO, assimilation. 

The application of Chi a fluorescence has been 
extensively used in diverse areas, such as in the 
fundamental understanding of chloroplast structure- 
function relationship, and influence of various biotic 
and abiotic stress factors on photosynthetic yield. 



Abbreviations: Chi chlorophyll; F M -maximimi Chi fluorescence; 
F 0 - minimum Chi fluorescence; F s - steady- state Chi fluores- 
cence; F v - variable Chi fluorescence (=F M F 0 ); OEC - oxygen 
evolving complex; PS I - Photosystem I; PS II - Photosystem 
II; - pH dependent (E stands for energy) non-photochemical 
quenching of Chi fluorescence; c^- non-photochemical quench- 
ing of Chi fluorescence; q Q - photochemical quenching of Chi 
fluorescence; Rfd - Chi fluorescence decrease from F M to F s ; 
Rubisco - ribulose-bisphosphate carboxylase oxygenase 



One of the most significant advantages of Chi a 
fluorescence has been as an analytical tool to resolve 
the mechanistic details of various stress conditions in 
plants (Baker and Horton, 1988; Lichtenthaler and 
Rinderle, 1988; Bolhar-Nordenkammpf etal., 1989; 
Lichtenthaler etal., 1996; Ciscatoetal., 1999; Stras- 
ser et al., 1999, 2000; Chaerle and Van Der Streaten, 
2000; Chapter 3, Baker and Oxborough). 

Heavy metal ions pose a significant threat to our 
planet as environmental pollutants. Natural and man- 
made release of heavy metal ions to the environment 
is increasing worldwide exposing plants to toxic levels 
of metal ions (van Gronsveld and Clijsters, 1994; 
Reichman, 2002). A few metal ions including Cu, 
Mn and Zn are essential to plants ; a few non-essential 
ones like Al may promote growth at low concentra- 
tions, but at higher concentrations, all heavy metal 
ions inhibit multiple metabolic processes in plants 
and lead to a stress commonly referred as heavy metal 
ion toxicity. Chi a fluorescence measurements serve 
as sensitive and prompt indicators of heavy metal 
toxicity, and have been used to monitor the onset, 
development, extent and even recovery from metal 
toxicity. In this chapter, we review mechanistic basis 
of toxicity of some of the common heavy metal ions 
with a particular emphasis on how Chi a fluorescence 
has enhanced our understanding of heavy metal ion 
action on the photosynthetic systems. Besides its 
utility in fundamental understanding of the action of 
heavy metal ions on the photosynthetic system, the 
potential of Chi a fluorescence can also be exploited 
in the early identification of metal ion toxicity and 
tolerance known against it, a knowledge that can 
be beneficial in reclamation of metal contaminated 
areas. 

Chi a fluorescence measurements have also been 
used to monitor pollution based metal ion toxicity 
in plants (Sgardelis et al., 1994). A high vehicular 
(cars and trucks) traffic density results in an increase 
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in the amounts of heavy metals like Pb, Cu and Zn 
in the soil, and the exposed plants show an increase 
in F 0 (minim u m Chi fluorescence), F M (maximum 
Chi fluorescence) and a decrease in the half-time 
(t 1/4 ) of F v rise. 

Early investigations on the effect of metal ions 
on photosynthetic electron transport and excitation 
energy transfer were mainly conducted in vitro, using 
isolated thylakoids or Photosystem (PS) II enriched 
membrane fractions (Macdowall, 1949; Krupa and 
Baszynski, 1995). The inhibitory (or stimulatory) 
effects of various exogenously added metal ions were 
tested by incubating the thylakoids either in dark or 
light and measuring (Revolution, polarographically, 
with selected Hill oxidants. From such studies, it 
was proposed that the extent of inhibition caused 
by metal ions was dependent on the valence and the 
ionic-radius (size) of the metal ions (Tripathy and 
P. Mohanty, 1984 ). The nature of inhibition of elec- 
tron transport in thylakoids by metal ions is largely 
of two kinds: metal ions intercepting electron flow 
from water to NADP7methyl-viologen, at specific 
sites of electron transport chain, and disruption of 
light harvesting complex and membrane structure 
(Tripathy and P. Mohanty, 1982). Although these 
types of investigations, in vitro, do point at specific 
site(s) of inhibition by metal ions, the results need 
further validation for the intact system. Also, the 
results do not reflect on the mechanism of alterations 
of photosynthetic electron transport by heavy metal 
ions, in vivo (Krupa and Baszynski, 1995). 

Lesser emphasis was given, under in vitro condi- 
tions, on the influence of heavy metals on the activity 
of enzymes of the Photosynthetic Carbon Reduction 
(PCR) cycle, also called the Calvin-Benson cycle 
(Krupa and Baszynski, 1995). But this, and not the 
direct interaction of heavy metal ions with thylakoid 
electron transport chain, is identified as the primary 
cause of heavy metal ion mediated inhibition of pho- 
tosynthesis in intact systems (Krupa and Baszynski, 
1995) and reflects the in vivo (heavy metal treatment 
of whole organism ) condition. Since Chi a fluores- 
cence provides details on effects ranging from those 
on photosynthetic electron transport chain to the state 
of Calvin-Benson cycle, it offers a potential tool to 
probe heavy metal ion interaction under both in vitro 
and in vivo conditions. 



II. Dynamics of Chlorophyll a Fluores- 
cence Changes and Their Relationship to 
the Structure-Function of Photosynthetic 
Membranes 

The yield of Chi a fluorescence from photosyn- 
thetic membranes has two distinct components: the 
constant (F 0 ) and the variable (F v ). The majority of 
this fluorescence at room temperature is from PS II. 
The fluorescence component generated in response 
to a low actinic illumination, or in response to any 
absorbed radiation emitted before it could drive pri- 
mary photochemistry, in either case ensuring that no 
photochemical reduction of primary plastoquinone 
(PQ) electron acceptor (Q A ) occurs, is termed mini- 
mal fluorescence (F 0 ; Fig. 1). F 0 , thus, reflects the 
constant fluorescence emission independent of any 
photochemical reactions (Lavorel, 1959). Physically, 
this emission arises from PS II antenna Chi molecules 
and represents decay before excitons reach reaction 
centers (Munday and Govindjee, 1969; Mathis and 
Paillotin, 1981;Telferetal., 1983). Technically, there- 
fore, F 0 is measured under conditions when primary 
photochemistry has not started — no Q A is yet reduced 
(Joshi and P. Mohanty, 1995). As Q A starts getting 
reduced, the yield of Chi a fluorescence emission in- 
creases. Any increase of Chi a fluorescence, over and 
above the constant background F 0 , is due to the second 
component, that is termed variable fluorescence (F v ; 
Fig. 1). The rise of F v (generally referred to as Chi a 
fluorescence induction) is sigmoidal (Joliot and Joliot, 
1964; Klimov etal., 1977; Chapter 12, Strasseret ah). 
Since F v is determined by redox state of Q A , it serves 
as an indicator of the redox state of photochemistry 
(Duysens, and Sweers, 1963). (For the possible ad- 
ditional involvement of pheophytin, see Chapter 6, 
Vredenberg.) If the electron transport from Q A to the 
second PQ electron acceptor of PS II, Q B , is blocked, 
or if the intensity of actinic light is saturating, the 
F v rises to its maximum (F M ; Fig. 1A). Under high 
actinic light conditions, the rise is polyphasic and is 
resolved to occur through the transients J (F ; ) and I 
(F,)(Fig. IB; Strasserand Govindjee, 1992; Strasser 
et ah, 1995; see also Chapter 1 1, Schreiber, who had 
earlier used I, and I 2 for J and I; for further details, 
see Chapter 12, Strasser et ah). The transition points 
in the polyphasic rise of Chi a fluorescence are good 
indicators of PS II response to various environmental 
stress factors (Strasseret ah, 1995, 1999, 2000). F, is 
due to Q a reduction. F,has been attributed to the het- 
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Fig. 1. Chlorophyll a fluorescence induction at room temperature. A. Fast fluorescence induction in isolated thylakoids from Pisum 
sativum L.. Dashed line represents the transient obtained in the presence of 10 juM DCMU (3-(3,4-Dichlorophenyl)-l,l-dimethylurea; 
also called diuron). B. Fast fluorescence induction as observed under high time resolution (10 ps) in intact leaf of Pisum sativum L, 
plotted on a logarithmic time scale (adapted from Haldimann and Strasser, 1999). C. Slow fluorescence changes in intact leaf of Pisum 
sativum L.; F t) , Minimal fluorescence; F M , maximal fluorescence; O, J, I, D, P, M,, M 2 , S, and S 2 , well resolved intermediate inflections 
in the transient transients; S, steady state. ON indicates switching on of actinic light. 



erogeneity of PS II; the definition of heterogeneity, 
however, differs. Melis (1985) attributes F, to PS II 
units (P) with smaller antenna, whereas Cao and 
Govindjee (1989) and Lavergne (1982) relate it to 
PS II centers which show a slower electron transfer 
from the reduced Q A to Q B (inactive centers). Note 
that the two interpretations need not be contradictory. 
In any case, a higher F, - F G /F M - F 0 ratio reflects 
inhibition of PS II (Shaw et al., 1985; de Prado et 
al., 1992 and van Rensburg and Kruger, 1993) and is 
an estimate of proportion of PS II centers unable to 
reduce Q B (Morales etal., 1 99 1 ; Ouzounidou, 1993). 
The half-rise time (t 1/2 ) of the rise of F v is a measure 
of the PS II antenna (including LHC II, light-harvest- 
ing complex of PS II) size and the PQ pool (Malkin 
and Kok, 1966; Oquist and Wass, 1988; Krupa et 
al., 1993a). The F V /F M ratio reflects the quantum 
efficiency of primary photochemical reactions. It 
also measures the number of functional PS II centers 
(Oquist et al., 1992). Inhibition of electron transport 
at the donor side of PS II leads to non-availability of 
electrons needed for the reduction of Q A , and thus 
leads to suppression of F v (Duysens and Sweers 
1963; Govindjee, 1995). The F v /F 0 ratio reflects on 
the efficiency of electron donation to PS II reaction 
center (Skorzynska and Baszynski, 2000) and the 
rate of photosynthetic quantum conversion at PS II 
reaction center (Babani and Lichtenthaler, 1996). A 
decrease in F v /F 0 , irrespective of whether it arises 
from F v or F 0 , is an indicator of structural alterations 
in PS IT (Havaux and Lannoye, 1985). 



After reaching F M , Chi fluorescence emission 
declines to a steady state level (Fig. 1C, F s ). The 
amplitude of the decline from F M to F s , among other 
things, is an indicator of the state of Calvin-Benson 
cycle activity, and is represented by Rfd (Fig. 1C; 
Bohlar-Nordenkampf and Oquist, 1 993 , and Lichten- 
thaler and Rinderle, 1988). A high amplitude of Rfd 
indicates a high rate of electron transport whereas a 
slow electron transport results in a lowering of Rfd. 
Rfd is a sensitive indicator of plant stress (Lichten- 
thaler and Rinderle, 1 988; for a complete discussion, 
see Chapter 28, Lichtenthaler and Babani). Since 
photosynthetic electron transport is under the feed- 
back regulation of the Calvin-Benson cycle, Rfd is 
also shown to reflect the functional state of this cycle 
(Lichtenthaler and Rinderle, 1988). 

Oxidized Q A molecules quench Chi a fluorescence, 
as also mentioned earlier (Duysens and Sweers, 
1963 ). This quenching of Chi fluorescence serves as 
a measure of the redox state of Q A (Buschmann and 
Kocsanyi, 1989). Besides this oxidized Q A -mediated 
quenching, termed as photochemical quenching (q Q ; 
Fig. 2), Chi a fluorescence is also influenced by other 
factors termed collectively as non-photochemical 
quenching (q N ; Fig. 2). q N comprises multiple com- 
ponents, including a trans-thylakoid proton gradient 
mediated energization of the membranes (Briantais et 
al., 1979; see Chapters 1 l,Schreiber; and 18, Krause 
and Jahns, for discussions of all the components of 
q N ) and redox-state of some components of the pho- 
tosynthetic electron transport chain (Oxborough and 
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Fig. 2. Chlorophyll a fluorescence induction with repetitive application of saturating light pulses to measure the quenching coefficients, q g 
and q h . F () , fluorescence displayed by a dark adapted leaf of spinach in very weak modulated light.(F v ) M , maximum variable fluorescence 
first seen when a pulse of saturating actinic light is applied. (F v ), variable fluorescence induced due to continuous actinic light. (F v ) s , 
peak fluorescence attained when pulses of saturating light are applied in the presence of continuous actinic light. q h . Non-photochemical 
quenching coefficient; q () , photochemical quenching coefficient. Adapted from Schreiber et al., 1986. 



Horton, 1988). q 0 represents utilization of absorbed 
energy in driving PS TI chemistry whereas q N indicates 
energy dissipation via other routes. 



III. Role of Chlorophyll a Fluorescence Im- 
aging in Detection/Understanding of Metal 
Ion Stress 

A real time image analysis of the Chi a fluorescence 
emission from leaf surfaces provides significant in- 
formation regarding the dynamics of photosynthetic 
changes (Chappelle et al., 1984; Omasa et al., 1987; 
Lichtenthaler, 1988; Lichtenthaler and Rinderle, 
1988; Langet al., 1996; GovindjeeandNedbal, 2000; 
Chapter 14, Nedbal and Whitmarsh; Chapter 15, 
Oxborough; Chapter 28, Lichtenthaler and Babani). 
In view of the state changes (Chapter 17, Allen and 
Mullineaux), the true quantum yield of Chi a fluores- 
cence can be imaged only by monitoring lifetime of 
fluorescence (Holub et al. 2000). Chi a fluorescence 
image analysis has evolved as a powerful tool for the 
early detection of plant stress including that by metal 
ions (Lichtenthaler and Rinderle, 1988; Ciscato et 
al., 1 997, 1999; Valcke et al., 1999 and Chaerle and 
Van Der Streaten, 2000). As an experimental example, 
we have reproduced the Chi fluorescence image 



analysis of a leaf undergoing Cu treatment (Fig. 3 
and Color Plate 2, Fig. 3; Ciscato and Valcke, 1998). 
Image of Rfd was captured as the Cu injected in the 
main vein is transported along the vascular system. 
A leaf (Fig. 3A) immediately before Cu injection is 
shown in blue color in the false color image (grey of 
higher intensity in greyscale image). This represents 
maximal value for Rfd and, therefore, maximum rate 
of photosynthetic activity of the leaf. As the Cu dif- 
fused out to cells, the Rfd value declined, visible as 
bright green and red in false color images (or a decline 
in the grey intensity) (Fig. 3B and Fig. 3C), indicating 
a progressive decline in the rate of photosynthesis. 
Chi a fluorescence image analysis of a leaf shows 
a heterogeneous distribution of Chi a fluorescence 
intensity in heavy metal treated plants — indicating 
a differential inhibition of photosynthesis (Ciscato et 
al., 1999; Valcke etal., 1999), which can be explained 
on the basis of a heterogeneous distribution of metal 
ions. With current advances in image resolution, the 
localized effects up to the level of cell/chloroplasts can 
be quantified (Oxborough and Baker, 1997a, 1999). 
Moreover, metal ion treated plants show a higher 
fluorescence in blue region indicating higher levels 
of phenolics (Chapter 16, Moya and Cerovic). 




642 



Manoj K. Joshi and Prasanna Mohanty 




Fig. 3. A grey-scale Chi a fluorescence image of an attached tobacco leaf before and after heavy metal (Cu) treatment. The image rep- 
resents F p Fg/F s (Rfd) and is created by pixel point processing, where F p represents fluorescence image after 1 s of illumination and 
F s . at the steady state of the fluorescence induction. Heavy metal treatment was administered by injecting CuS0 4 (50 mM) in the main 
vein of tobacco leaf. The images show, a. Grey-scale b. Before a treatment. (A high grey intensity indicates high values for Rfd). c and 
d reflect the state of Chi fluorescence after 30 and 60 min of Cu treatment. (A decline in Rfd is reflected by decline in grey intensity 
which increases with time and is conspicuous after 60 min). Adapted from Ciscato and Valeke. 1998. See Color Plate 2, Fig. 3. 



IV. Commonality in Metal Ion Action 

Reduction of Chi content and of other pigments, such 
as carotenoids, is a common symptom of heavy metal 
toxicity (Sandmann and Boeger, 1980; De Filippis 
et al., 1981a,b; Veeranjaneyulu and Das, 1982, Cli- 
jsters and Van Assche, 1985, Sheoran et al., 1990b; 
Lidonand Henriques, 1991;Ouzounidouet al., 1992; 
Krupa etal„ 1993a,b; Maksymiecetal., 1994; Baron 
et al., 1995; Krupa and Baszynski, 1995; Molas, 
1997). In fact, the extent of loss of pigments (Chi 
and carotenoids) is demonstrated to be a simple and 
reliable indicator of heavy metal toxicity in higher 
plants (Krupa et al., 1996). The effect seems to be 
common to higher plants, green algae and cyano- 
bacteria. The decrease in Chi is contributed by both 
the inhibition of its biosynthesis and the induction 
of its degradation (Abdel-Basset et al.. 1995; Molas, 
1997). However, Baryla et al. (2001) showed that 
at least the Cd dependent chlorosis in oilseed rape 
(. Brass ica napus) is not due to a direct intervention 
in Chi biosynthesis. Instead, it is due to reduction in 
the chloroplast density per cell. 

Further, metal ion action leads to suppression 
of root growth, increasing the shoot to root ratio 
(Wilkins, 1978; Foy, 1988; Rengel, 1992a,b). 

The general physiological effects of heavy metal 
ions result from their ability to disrupt disulfide links 
in proteins and from the substitution of essential ions 
( Meharg, 1 994). Electron spin resonance ( ESR ) and 
Fourier transformed-infrared ( FT-I R ) studies indicate 
that heavy metal ions disrupt lipid-protein interactions 
resulting in altered protein conformation (Horvath 
et al., 1995). 



In general, heavy metals lower photosynthesis rates, 
affecting both light and dark reactions. In addition to 
their direct action, determined in vitro, heavy metal 
ions induce specific indirect responses in plants which 
vary according to the concentration of metal ions used, 
length of exposure and the developmental stage of the 
plants at which the plants were subjected to stress. 
The metal ion treatment of plants induces lipid per- 
oxidation in photosynthetic membranes (Sandmann 
and Boger, 1 980), hydrolysis of membrane lipids and 
release of free fatty acids (Skorzynska et al., 1991; 
Maksymiec et al., 1992). Also, their action leads to 
inhibition of pigment (especially Chi) biosynthesis 
(Vangronsveld and Clijsters, 1994), photosynthetic 
electron transport, Calvin-Benson cycle enzymes, 
protein synthesis and general disintegration of 
chloroplast membrane ultrastructure (Baszynski et 
al., 1988; Krupa and Baszynski, 1995; Maksymiec 
et al., 1995; Molas, 1997). Heavy metal ions mainly 
affect the enzymatic phase (Calvin-Benson cycle) 
of photosynthesis (Kremer and Markham, 1982; 
Clijsters and Van Assche, 1985; Weigel, 1985a,b; 
Van Assche and Clijsters, 1986, 1990; Stiborova, 
1988; Stiborova et al., 1988; Vangronsveld and Cli- 
jsters, 1994; Krupa and Baszynski, 1995; Siedlecka 
and Krupa, 1996; Siedlecka et al., 1997). The metal 
ion effects on the Rubisco (ribulose bisphosphate 
carboxylase oxygenase) may result from the substi- 
tution of metal ions at the Mg ++ site in the ternary 
enzyme-CO : -metar 2 complex, or by reaction with 
the enzyme-SH groups (Clijsters and van Assche, 
1 985, Stiborova et al., 1 986b). The effects on in vivo 
primary photochemistry are indirect and arise from a 
lower utilization of ATP, NADPH, and from a higher 
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thylakoid proton-gradient, resulting in a lower pho- 
tochemical yield (Krupa et al, 1992, 1993a). 

In general, the metal ion stress varies according 
to plant age, with plants at advanced growth stages 
showing more damage (Barcelo et al., 1988; Mc- 
Quattie and Schier, 1990; Sheoran et al., 1990a,b; 
Maksymiec etal., 1995; SkorzynskaandBaszynski, 
1995, 1997; Skorzynskaetal., 1995; Macsymiec and 
Baszynski, 1996a, b, 1999; Tukendorf et al., 1997; 
Shaw and Rout, 1998). Young plants show tolerance 
to heavy metal dependent damage to photosynthetic 
efficiency. When relatively aged plants were treated 
with heavy metals, an increased damage was observed 
(Skorzynskaand Baszynski, 1995). Though the F V /F M 
largely remained unchanged, with time of treatment, 
both in young and aged plants exposed to Cd, young 
plants did show a marginal decrease in F v /F 0 and a 
significant decrease in half-rise time (t l/2 ) of increase 
in F v and Rfd, which increased with the age at which 
plants were exposed to Cd (Krupa et al., 1992 and 
Skorzynska and Baszynski, 1995). The results indi- 
cated that Cd exposed younger plants show partial 
inhibition at PS II donor side, but with an increase 
in their age the inhibition extends to PS II reaction 
centers and antenna as well (Krupa Zet al., 1 992 and 
Skorzynska and Baszynski, 1995). In monocotyle- 
donous plants, where all the developmental stages of 
leaf are represented along the leaf, youngest being 
at the base and oldest at the top, it is the latter which 
showed more damage (Krupa and Moniak, 1998). 
Leaf length and the fresh weight decreased with the 
maturing stage of tissue and correlated well with 
the tissue levels of accumulated metal ions (Krupa 
and Moniak, 1998). F V /F M measurements showed 
that older leaf segments experienced the strongest 
inhibition of photochemical efficiency; the varying 
extent depended on the concentration of applied 
metal. Rfd values also showed an almost linear in- 
crease with increasing leaf age. A plot of Rfd against 
F v /F m showed that in the older leaf, Rfd decreased 
more than F V /F M , supporting the hypothesis that 
the primary target of Cd is the enzymatic phase of 
photosynthesis, which by feedback, suppresses light 
reactions (Weigel, 1985a,b; Siedlecka and Krupa, 
1996a; Siedlecka et al., 1997). 

In addition to what we have discussed thus far, 
heavy metals may induce stomatal closure leading to 
decreased C0 2 diffusion and transpiration (F. A. Baz- 
zaz et al., 1974a, b; Carlson et al., 1975; Lamoreaux 
and Chaney, 1978; Becerril et al., 1989; Van Assche 
and Clijsters, 1990; Angelov et al., 1991). 
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Treatment of isolated thylakoids with heavy met- 
als results in a decrease in F M (Hsu and Lee, 1988; 
Rengnathan and Bose, 1989; Rashid and Popovic, 
1990; Bemiere et al., 1993; Renger et al., 1993; 
Arellano et al., 1995). This decrease is caused by a 
preferential decrease in F v with a lower suppression 
in F 0 Also, fluorescence measurements showed that 
even at relatively higher concentrations of metal ions, 
which produce a total inhibition of oxygen evolution, 
there was a residual F v that remained intact (Reng- 
nathan and Bose, 1989; Samson and Popovic, 1990; 
Arellano et al., 1995). 

The photoinhibition dependent decrease in the 
amplitude of F v and F 0 was much higher in heavy 
metal ion treated plants, indicating that heavy metal 
ions enhance the photoinhibition effect. Suppression 
in the photochemical yield of the leaves of Trachy- 
carpus fortunei by photoinhibition of less than 2 min 
was mostly reversible within next 3 days. However, in 
metal ion treated plants such inhibition in response to 
more than one minute of photoinhibition was totally 
irreversible (Fig. 4), indicating a synergistic effect 
of photoinhibition and metal ion action (Nemenyi 
et al., 1999). 

In line with many other studies involving indepen- 
dent techniques (Rashid and Popovic, 1990; Bemiere 
et al., 1993; Renger etal., 1993; Rashid etal., 1994; 
Schroder etal., 1994; Bemiere and Carpentier, 1995; 
Jegerschold et al., 1995), Chi a fluorescence mea- 
surements (a lower F v ) show that heavy metal ions 
inhibit reactions at the donor side of PS II (Murthy 
etal., 1990; Lidonetal., 1993; Xylander etal., 1996, 
1998; and Ouzounidou et al., 1997; Boucher and 
Carpentier, 1999). Heavy metal ions also inhibit at 
the acceptor side of PS II (N. Mohanty et ak, 1990; 
Renger et ak, 1993 and Yruela et ak, 1996b). Heavy 
metal ions, at relatively high concentrations, lower F 0 
and this change is attributed to a metal ion dependent 
structural change in LHC II (Murthy et ak, 1990) or 
a non-specific Chi excited state quenching by metal 
ions (Arellano et ak, 1995; Yruela et ak, 1996b). 

The threshold of metal ion toxicity seems to be 
specific to the metal, the plant and the age at which 
it is applied. A comparative study of the effect on 
the photosynthetic response of seagrass ( Halophila 
ovalis ) to Cu, Cd, Pb and Zn indicate that Cu and Zn 
are significantly more toxic than Pb or Cd (Ralph 
and Burchett, 1998). Even the specificity of heavy 
metal toxicity appears to be dependent on the growth 
stage of plant. The root growth study in metal treated 
plants revealed that Hg was more toxic than Cd during 
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Fig. 4. Irreversible photoinhibition in heavy metal treated plants 
(leaves) of Trachycarpus fortunei. Photoinhibition (solid lines) 
and its dark recovery (dashed lines) in control (A) and heavy metal 
(circles, 5 mM CuS0 4 , and triangles, 20 mM CuS0 4 ) treated (B) 
leaves. Adapted from Nemenyi et al., 1999. 



germination, whereas Cd was more toxic during the 
seedling stage (Shaw and Rout, 1998). 

Heavy metal ions (at least Cd 2 \ Pb 2 ' and Cu 2+ ) do 
not change the profile of room temperature Chi a fluo- 
rescence spectra in 72 h greened maize leaves; they, 
however, increase the emission at shorter wavelength 
bands (Legrady and Lang, 1998). This is explained 
on the basis of a lower extent of reabsorption of Chi 
a fluorescence in the treated plants (Legrady and 
Lang, 1998). Analysis of Chi a fluorescence induction 
showed that in metal ion treated plants there was a 
delay in the functional development of thylakoids. In 
addition, there was a suppression of the photochemi- 
cal activity and C0 2 fixation rates in metal ion treated 
plants (Legrady and Lang, 1998). 

Heavy metals can substitute for Mg in the Chi, and 



since heavy metal substituted Chi has been shown 
to lack photochemical properties of native Chi, the 
process is implicated in the breakdown of photosyn- 
thesis (Gross et al., 1970; Puckett, 1976; De Filipps, 
1979; Kowalewska and Hoffmann, 1989; Kupper et 
al., 1998). 



V. Amelioration of Metal Ion Action by 
Other Metal Ions 

The action of metal ions on plants is modulated by 
other metal ions and the nature of this interaction 
seems to be complex. According to Hewitt (1966), 
the chemical and physical similarity of elements 
leads to biochemical antagonism among these metal 
ions. Pretreatment of algae with Ni and Hg reduces 
Cd toxicity, and this can be explained on the basis 
of competition of these metal ions for the same bio- 
chemical sites (Das et al., 1997). This interaction is 
especially important amongst essential metals such 
as Cu, Ca and Fe, and non-essential metals such as 
Cd and Zn. 

By acting as an antagonist to other metal ions (e.g., 
Cu, Ca and Ni), Fe + alleviates their toxic effects 
(Greipsson, 1994; Siedlecka et al., 1997; Ouzouni- 
dou et al., 1998). The decrease in the root biomass 
of plants treated with Cu is significantly reduced if 
Fe is also present during treatment (Ouzounidou et 
al., 1998). The amount of Cu accumulated in the 
shoot and leaves, under such conditions, was six- to 
eight-fold lower. Fe significantly inhibits the Cu 
stress-mediated decreases in Chi, F 0 , F V /F M , t, /a of F v , 
and F v /F 0 . Plants exposed to excess Cu accumulate 
higher tissue levels of Fe, and since Fe competes with 
Cu for similar metabolic sites, its antagonistic effects 
are understandable (Greipsson, 1992). 

Excess Cd in the growth medium reduces Fe uptake 
(Haghiri, 1973). In plants, it also changes the Fe: 
Zn ratio (Root et al., 1975). Fe deficiency enhances 
the susceptibility of plants to Cd toxicity, whereas 
a moderate excess of Fe increases the growth, pig- 
ment profile and photosynthetic rates of Cd treated 
plants (Siedlecka and Krupa, 1999). Cd toxicity is 
also linked to phosphorous deficiency (Goldbold and 
Huttermann, 1985). The Cd toxicity is modulated 
by essential elements Zn, Ca, Fe, Cu and Mn (Das 
et al., 1997). 

A higher Cu level leads to higher tissue levels of 
other macronutrients (Ca, Mg, Fe, K andN; Ouzouni- 
dou et al., 1 998). An opposite effect was reported for 
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Zn and Cd (Krupa et at., 1999; Bonnet et al., 2000). 
Higher levels of Ca, Mg, Fe, Cu and Zn suppress 
Ni toxicity (Heale and Ormrod, 1982; Robertson, 
1985; Heikkal et al., 1989), whereas Mg intensifies 
the toxicity (Johnston and Proctor, 1981). Excess 
Cu may decrease the uptake of Fe (Lexmond and 
van der Vorm, 1981; Yau et al., 1991; Ouzounidou, 
1995), and may decrease or increase that of Zn (Luo 
andRimmer, 1995). 

Excess Al is known to interfere with the uptake, 
transport and availability of Ca, Mg, P, K and Fe 
(Clarkson and Sanderson, 1971; Foy et al., 1978; 
Huett and Menary, 1980; Campbell and Lafever, 
1981; Furlani and Clark, 1981; Foy and Fleming, 
1982; Cumming et al., 1985; Rout et al., 2001 ). Al 
resistant cultivars do not show this effect (Foy, 1988). 
Depending on the plants, the foliar symptoms of Al 
toxicity may resemble phosphorous deficiency (Rout 
et al., 2001), Ca deficiency (Rout et al., 2001 ) or Fe 
deficiency (Clark etal., 1981; Furlani and Clark, 1981; 
Foy and Fleming, 1982). Ca is known to suppress Al 
toxicity (Rengel, 1992a, b; Zhang etal., 1999). 

A higher q N in Cu treated plants is attributed to 
Ca ++ loss, and that is considered to be the cause of 
enhanced ApH (Ouzounidou et al., 1995). Since Ca 
plays an important role in the regulation of growth 
(Hepler and Wayen, 1985), signal-transduction 
(Webb et al., 1996), and structure -function integrity 
of photosystems (Yocum, 1991; Tanaka et al., 1995; 
Bricker and Ghanotakis, 1996), any heavy metal ion 
dependent effects at physiological levels will cause 
indirect alterations of the photosynthetic apparatus. 

The toxic effects of Cu are age dependent, with the 
younger and intermediate stage plants showing almost 
unaltered F V /F M (Maksymiec and Baszynski, 1998, 
1999). At advanced growth stages, there is a severe 
decline in F v /F 0 and F V /F M This was attributed to Cu 
induced structural alterations inthylakoid membranes 
(Maksymiec et al., 1995). Calcium protects against 
Cu toxicity, and the extent of protection is dependent 
on the age of plants, with older plants showing the 
least protection. 

Higher concentrations of Al decrease F V /F M , quan- 
tum yield of PS II and q Q (Miyasaki et al., 1997). 
These alterations are attributed to Al dependent loss 
of Ca and Mg from plants (Moustakas et al. , 1994). 
However, the deficiency of Ca, in the absence of 
excess Al, does not affect F V /F M and only slightly 
reduces the quantum yield of PS II and q Q (Miya- 
saki et al., 1997). The effect seems to result from Al 
treatment dependent membrane disruption, which, 
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considering the role of Ca in membrane stability, can 
be enhanced by lower concentration of Ca (Miyasaki 
et al., 1997). 

Cadmium inhibits Mn uptake (Hernandez et al., 
1998) and frequently results in Fe deficiency (Wallace 
etal., 1992; Siedlecka and Baszynski, 1993; Siedlecka 
et al., 1997). The Cd mediated effects correlate well 
not to tissue Fe content, but to Chls (Lang etal., 1998). 
Physiological profile of Cd and Fe in relation to each 
other is well studied (Siedlecka and Krupa, 1 996a,b ). 
Excess Fe in the nutrient medium, which on its own 
are not toxic for plants, cause a decrease in Cd levels 
preventing plants from Cd toxicity (Siedlecka and 
Krupa, 1996a,b). On the other hand, normal or up 
to four-fold higher doses of Cd cause a decrease in 
the Fe levels of root and primary leaves (Siedlecka 
and Krupa, 1996a, b). 

Considering the metal-metal interactions, as de- 
scribed in the preceding paragraphs, the effect of 
metal ions seems to be interdependent, complex and 
at least partly specific. 



VI. Action of Selected Heavy Metal Ions on 
Plants 

A. Cadmium (Cd) 

Cadmium, a non-essential heavy metal, is highly 
toxic to plants. It is mainly released in the envi- 
ronment during various agricultural, mining and 
industrial activities and from automobile exhausts 
(Foy et al., 1978). Cd inhibits photosynthesis. The 
effects occur at multiple sites — Chi biosynthesis 
and degradation (Stobart et al., 1985; Abdel-Bas- 
set et al., 1995; Boddi et al., 1995), PS I and PS II 
(M.B. Bazzaz and Govindjee, 1974a; Becerril et al., 
1988;TukendorfandBaszynski, 1991; Siedlecka and 
Baszynski, 1 993 ;Vangrons veld and Clijsters, 1994), 
degradation ofthylakoidacyl lipids, disorganization 
of oxygen evolution complex (OEC) and LHC II 
antenna system (Baszynski et al.,1980; Roynet and 
Lannoye, 1984; Krupa and Baszynski, 1985, 1989; 
Krupa etal., 1987, 1993a; Krupa, 1988; Maksymiec 
and Baszynski, 1988; Ghoshroy and Nadakavu- 
karen, 1990; Skorzynskaetal., 1991; Tukendorf and 
Baszynski, 1991). Cadmium has a direct effect on 
the composition and structure-function relationship 
of thylakoids (Becerril et al., 1988; Maksymiec and 
Baszynski, 1988), which is proposed to be central 
to all other metabolic changes in plants (Krupa, 
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1999). The inhibition of PS II is even related to the 
substitution of Mn bound to OEC (Baszinsky et al., 
1980). In addition, Cd also inhibits enzymes of the 
CO, assimilation pathway (Stiborova and Leblova, 
1985; Weigel, 1985a, b; Stiborova et al., 1986a). Cd 
inhibits Rubisco activity (Siedlecka et al., 1997) and 
the effect may be caused by a general decrease in 
protein biosynthesis (Kremer and Markham, 1982) 
or by SH bond destabilization (Stiborova, 1988). In 
addition, Cd treatment decreases the stomata density 
and conductance (Baryla et al., 2001). 

A detailed study using Chi a fluorescence analy- 
sis targeted at defining the mechanism of action of 
different metal ions (Cu 2+ , Zn 2+ and Cd 2+ ) showed 
that Cd 2+ changes the normal Q A -Q B equilibrium 
and the effect seems to be permanent, unlike in Cu 
and Zn where the plants, in due course, regain the 
equilibrium (Ciscato et al., 1999). Analysis of fast 
OJIP Chi a fluorescence transients (Strasser et al., 
1995) showed that that Cd treatment slowed both the 
reduction of Q A the stable primary acceptor of PS II, 
and the oxidation of the reduced Q A . 

Fluorescence measurements have helped in solving 
the following discrepancy. Even though the thylakoids 
isolated from Cd treated plants, or normal thylakoids 
treated in vitro with Cd, show inhibition of PS II 
electron transport (Baszynski et al. 1980 and Krupa 
et al., 1987), primary photochemistry measured in 
terms of F V /F M in plants, grown in the presence of 
even a relatively large concentration of Cd, show 
little change (Greger and Ogren, 1991; Krupa et al., 
1992). This effect was explained on the basis of Cd 
dependent increase of q N (Krupa et al., 1993a). Cd 
treated plants also showed a delay in attaining the 
steady state of Chi a fluorescence emission indicating 
a delayed onset of the activities of the Calvin-Benson 
cycle enzymes. A short exposure of young plants to 
Cd did not affect F V /F M . It, however, did increase q N 
slightly, indicating a higher dissipation of absorbed 
energy as radiationless decay (Krupa et al., 1993a; 
Skorzynska and Baszynski, 1 997). q Q , in these plants, 
however, remained unchanged, indicating a normal 
rate of photosynthetic electron transport. Rye plants, 
exposed to Cd for a short time, showed a lower half- 
rise time (t r/i ) of F v rise and Rfd, indicating depletion of 
the plastoquinone pool and a suppression of C0 2 fixa- 
tion (Krupa et al., 1992; Krupa and Moniak, 1998). 
Concentrations of Cd that significantly suppressed 
the growth and pigment biosynthesis only marginally 
decreased F V /F M ; thus, Cd treatment-mediated effects 
on PS II appear to be of secondary importance (Krupa, 
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1992). The in vivo Cd effects on the photosynthetic 
electron tranport may be indirect and arise as a result 
of feedback inhibition in response to a suppressed 
Calvin-Benson cycle (Krupa et al., 1993a). 

Small changes in the structure — function relation- 
ship of thylakoids may be mediated through free 
fatty acids, which are released in response to Cd ac- 
tion. Free fatty acids are shown to disintegrate OEC 
proteins and their interaction with Mn ++ , Ca ++ , and 
Cl (Garstka and Kaniuga, 1988; Skorzynska and 
Baszynski, 1993). This hypothesis is consistent with 
a decrease in F v / F 0 which is shown to be related to 
q N (Ouzounidou, 1993). 

B. Copper (Cu) 

Copper, an essential micronutrient for plants, is con- 
sidered as the most toxic metal (Wong and Bradshaw, 
1982; Fernandes and Henriques, 1991; Tuba and 
Csintalan, 1992; Punz and Sieghardt, 1993). The main 
sources of Cu contamination are Cu based algicides 
and fungicides in agriculture, medicine and its release 
from industrial and mining activities. 

The normal concentration of Cu, in leaves, is 5 to 
30 mg/kg. Deficiency appears below 2 to 5 mg/kg, 
whereas the toxicity starts appearing at concentra- 
tions higher than 20 to 100 mg/kg. (Allaway, 1968; 
Wainwright and Woolhouse, 1977; Kabata-Pendias 
andPendias, 1994; Cooketal., 1997;Moustakasetal., 
1 997b). Cu toxicity is associated with marked increase 
in endogenous tissue Cu concentrations (Ciscato et 
al., 1997; Cooketal., 1997; Patsikkaetal., 1998a,b). 
Under normal and Cu deficient conditions, plants 
channel Cu to leaves but at toxic levels, it is mainly 
sequestered in shoots. If Cu is in excess, its level in 
all plant parts, roots, stem and leaves increases, and 
such increases are accompanied by increases in Ca 
in roots, and K and Mg in leaves; the Ca concentra- 
tion in the stem under these conditions, however, 
decreases (Cook et al., 1997). Cu interferes with Fe 
metabolism, often causing Fe deficiency (Lidon and 
Henriques, 1993). 

Even at concentrations that are only slightly higher 
than the physiological levels, Cu starts interfering 
with various physiological processes (Jensen and 
Adalsteinsson 1989; De Vos et al.,1992; Lanaras et 
al., 1993). Cu treated plants show higher abscisic acid 
content and lower cytokinins (Punz and Sieghardt, 
1993; Vizarova and Holub, 1994), resulting in a 
marked decrease in root to shoot biomass ratio. The 
excess Cu is shown to cause morphological, bio- 
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chemical and iiltrastructural changes (Reboredo and 
Henriques, 1991; Ouzounidouet al., 1992). 

Cu destabilizes -SH interactions in Rubisco 
(Stiborova et al., 1988), and this may contribute 
to its inhibitory effect on the enzyme (Lidon and 
Henriques, 1991). 

Copper toxicity generally results in chlorosis, 
stunted growth and early senescence (Foy et al., 1 978; 
Taylor and Foy, 1985; Fernandes and Henriques, 1991; 
Zhu and Alva, 1993; Maksymiec and Baszynski, 
1996a,b ). In vitro studies of greening of dark grown 
barley leaves indicate that Cu induces chlorosis by 
interfering with Chi biosynthesis. Steady-state low 
temperature Chi a fluorescence studies show that Cu 
inhibits Chi and carotenoid biosynthesis, and retards 
the incorporation of these pigments in photosystems 
(Caspi et al., 1999). Accumulation of free pigments 
induces oxygen radical generation, and is implicated 
in sensitizing the membrane photodamage resulting 
in loss of electron transport activity (Weckx and Cli- 
jsters, 1996 and Patsikkaetal., 1998a,b). Monitoring 
the ratio of PS II fluorescence to that of PS I (F685: 
F735) showed that Cu treatment delayed PS I devel- 
opment. The interference in the normal development 
of chloroplasts by Cu was analyzed by time-resolved 
studies of Chi a fluorescence (Marder and Raskin, 
1993). In the early phase of etioplast to chloroplast 
transition, Chi a fluorescence lifetime decay was 
in the order of 3 ns. With the incorporation of free 
pigments to the photosystems and accumulation of 
PS II, there was a rapid decline in the Chi fluorescence 
lifetime decay, reaching within 12-h illumination to 
around 0 . 6 ns . Cu suppressed both the rate and extent 
of such lowering of Chi fluorescence decay time, 
indicating again that it inhibits integration of Chi to 
the photosystems. 

Primary effects of Cu are considered to be on 
plasma membrane, which becomes leaky (McBrien 
and Hassall, 1 965; Ovemell, 1975 and De Vos et al., 
1989, 1991). Cu has been shown to inhibit photo- 
synthesis in higher plants, algae and cyanobacteria 
(Habermann, 1960; Steemann-Nielsen et al., 1969; 
Shioi et al., 1978; Sandmann and Boger 1980; 
Baszynski et al., 1982, 1988; Singh and Singh 1987; 
Lidon et al., 1993; Ouzounidou, 1996). Cu inhibits 
photosynthetic electron transport chain at multiple 
points including the specific tyrosines Y z andY D in 
the PS II reaction center (Droppa and Horvath, 1990; 
Yruela et al., 1992; Renger et al., 1993; Schroder et 
al., 1994; Arellano et al., 1995; Baron et al., 1995; 
Jegerschold et al., 1995; Ouzounidou, 1996). Chi a 
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fluorescence measurements show a site of Cu inhi- 
bition on the PS II antenna (Lidon and Henriques, 
1993). Cu was also shown to be competing for other 
physiological metal ion sites, like Ca, at PS II, and that 
it may induce electron transport at PS II (Rijstenbil 
etal., 1994; Patsikkaetal., 1998a, b). Time-resolved 
fluorescence decay analysis showed that Cu does not 
affect primary charge separation but destabilizes the 
charge stabilization (Yruela et al. 1996b). Cu also 
increased the number of closed PS II and PS I units 
(Ouzounidou etah, 1995, 1997). Its action on the PS I 
(P 7 oo) activity was smaller than on PS II (Ouzounidou, 

1996) . Cu treatment results in a dramatic decrease of 
Rfd and a moderate decrease in photochemical en- 
ergy storage (Ouzounidou, 1996). Analysis of F V /F M 
indicated that the presence of Cu did not significantly 
influence the overall quantum yield of PS II; however, 
it increased the rate of closure of PS II reaction center 
indi eating a higher antenna size of PS II . An increase 
in Chi b in these plants and a higher F 0 supported this 
conclusion (Cook et ah, 1997). With increasing Cu 
concentration, both the leaf area and the dry mass 
decreased with the former being more prominent. 
This increased the net photosynthetic rate per unit 
area but caused a decrease per unit mass (Cook et al . , 

1997) . In a study, where Cu stress was monitored in 
field grown plants using Chi a fluorescence, Cu has 
been shown to decrease the efficiency of excitation 
capture by the PS II reaction centers and also the rate 
of photochemical reactions, resulting in a lowered 
PS II quantum yield (Lanaras et al., 1993; Lidon et 
al., 1993; Maksymiec et al., 1994; Moustakas et al., 
1994;Cook et ah, 1997). The half-rise time (t, /2 ) of 
increase in F v , however, remained unchanged (Cook 
etah, 1997). This shows that Cumediated changes in 
photosynthetic ability of plants are secondary. Such 
changes are proposed to be indirect effects induced 
by altered membrane structure -function relationship 
in plants (Baron-Ayala et al., 1992). In any case, the 
Cu mediated decrease in PS II efficiency is not the 
rate-limiting factor for C0 2 fixation (Cook etah, 1997; 
Moustakas et ah, 1997b ). Even at low concentrations 
(Cu ++ /PS II reaction center <230), Cu significantly 
inhibited F v and oxygen evolution without any change 
in the protein composition. However, at a higher Cu 
concentration in the medium (Cu ++ /PS II reaction 
center a 1400), the OEC proteins (33, 24 and 1 7 KDa) 
were removed (Yruela et ah, 2000). 

Copper was shown to inhibit the ability of thyla- 
koids to undergo light state transition (Ouzounidou 
et al., 1997). The Cu treatment mediated decrease in 
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F v /F 0 was preferentially more in the light adapted 
condition (state II ) than in the dark -adapted condi- 
tion (state I). 

Long-term exposure to Cu results in a decrease in 
F 0 as well as in F M in both fresh water and marine 
diatoms (Rijstenil et al., 1994 and Ivorra, 2000). Cu 
treatment decreased the quantum yield of PS II elec- 
tron transport in the marine planktonic diatom Du- 
miliella tertiolecta, although Patsikka et al. ( 1 998a,b) 
observed a decrease in the number of inactive PS II 
centers in Cu treated Phaseolus vulgaris plants. 

The effect of Cu on the photosynthetic capacity 
of plants depends on the growth stages of the plant 
( Maksyntiec et al.. 1 994). Plants treated at early age 
showed reduction in leaf area and mesophyll cell 
volume but an increase in dry mass and Chi per unit 
area of leaf. Chloroplast ultrastructure and photo- 
chemical activity, however, remained unchanged 
( Maksyntiec et al.. 1 994, 1 995). Besides, chloroplasts 
of Cu treated plants were smaller. The ultrastructure 
of chloroplasts was affected most at the advanced 
stage of growth and was similar to those associated 
with water deficiency and decreased photochemi- 
cal activity. Structurally, most dramatic alterations 
were disintegration of thylakoids, especially stroma 
membranes (Baszynski et al., 1988; Eleftheriou 
and Karataglis. 1989; Maksyntiec et al., 1995; Cis- 
cato et al., 1997) and monoacylgalactosyl glyceride/ 
diacylgalactosyl glyceride (MGDG/DGDG) ratio 



Manoj K. Joshi and Prasanna Mohanty 

(Maksyntiec et al.. 1994). At higher concentrations, 
Cu caused a general disintegration of thylakoid pro- 
teins ( Fig. 5A;Nemenyietal., 1999). These structural 
alterations were accompanied by functional changes. 
The F v /F 0 did not change significantly in the early 
and middle-aged plants but the old plants showed 
a substantial decrease (Maksyntiec et al.. 1995). 
A Chi b increase, but unchanged F v /F 0 , indicates 
that the increased Chi is photochemically inactive 
(Maksyntiec et al., 1995). 

Durum wheat, grown at 20 pM Cu for 10 days 
did not show any significant change in F V /F M , q Q or 
in qN. A faster growth of the area above the fluores- 
cence induction curv e, and a decrease in Rfd in these 
plants indicated a slower rate of Q A reoxidation. It is 
proposed that these Cu effects are indirect and arise 
because of a lower utilization of photosynthates in 
treated plants, which down regulate photosynthetic 
electron transport (Ciscato et al.. 1997). 

F v and Rfd have been used as indicators of geno- 
typic tolerance to Cu stress — the tolerant genotypes 
show lesser decrease in these pararmeters with respect 
to susceptible ones (Ouzounidou, 1993). 

Under in vitro conditions. Cu is proposed to bind 
to multiple sites (acceptor and donor sides, and 
the reaction center) at PS II, and this binding may 
interfere with the mechanisms that protect against 
photoinhibition (Jegerschold et al.. 1995; Yruela 
et al., 1996a). Cu treatment increases the quantum 
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Fig. 5. Heavy metal dependent alterations in the SDS-PAGE profile of thylakoid proteins of Trachycarpus fortiniei. A. A high concentra- 
tion of heavy metal results in general degradation of thylakoid proteins. The figure compares membranes isolated from plants exposed 
to high concentration (20 mM CuS() 4 ) vs. low concentration (5 mM CuS0 4 ) for 48 h: LHC, light harvesting pigment-protein complex: 
LMW, low molecular weight proteins; MW, Molecular weight markers. Adapted from Nemenyi et al., 1999. B. Depletion of the 33 kDa 
protein in isolated barley thylakoids ( 15 jig Chl/ml) due to a 30 min treatment with 10 pM HgCL. Lane 1. molecular weight standards: 
lane 2, untreated PS II: lane 3. HgCL-trealed PS II: lane 4, supernatant of HgCL treated PS II: lane 5. supernatant of urea treated PS II; 
lane 6. urea treated PS II. Adapted from Berniere and Carpentier. 1995. C. Hg‘* treatment of Synechococcits PCC 6301 cells inducing 
a loss of 40-60 kDa proteins. SDS-PAGE profile of thylakoids of 2pM HgCL treated (lane 2). control (lane 3) and MW markers (lane 
1). Adapted from Murthy et al.,1995. 
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yield of photoinhibition (Patsikka et al., 1998a, b). 
This inhibition is characterized to be a Cu-medi- 
ated donor side inhibition and it is mechanistically 
different from the Cu-dependent enhancement of 
photoinhibition in vivo, which is attributed to free 
oxygen radicals (Patsikka et al., 1998b, 2001). In 
Chlorella, Cu stimulates photoinihibition and the 
effect is attributed to a slowing down of PS II D1 
protein synthesis (Vavilin et al., 1995). 

At advanced growth stages, Cu treated plants have 
a higher concentration of reduced Q A This in vivo 
effect is indirect and has been proposed to arise as 
a result of feedback inhibition of Q A oxidation by a 
suppressed Calvin-Benson cycle in Cu treated plants 
(Maksymiec and Baszynski, 1996a,b). 

C. Mercury (Hg) 

A non-essential element for plants, Hg, is about five 
to ten times more toxic in comparison to Pb and Cu 
(Boucher and Carpentier, 1 999). Even 0. 1 ppb of Hg 
effectively reduces photosynthesis in marine diatoms 
and several other phytoplanktons (Harris etal., 1970 ). 
Some well-known sources for Hg toxicity are con- 
taminations from the mercurial compounds used in 
various industrial, agricultural, pharmaceutical and 
medical applications. In agriculture, organo-mercu- 
rial fungicides are the most prevalent source. Leaves 
also directly take up airborne Hg. 

Primary action of Hg on the cell membrane includes 
alterations of its permeability, reaction with -SH or 
phosphate groups of ADP or ATP, and replacement 
of essential ions including Mg of Chi (reviewed by 
Patra and Sharma, 2000). 

Mercury inhibits photosynthetic electron transport 
at multiple sites including the OEC (De Filippis et 
al., 1981a, b; Moon et al., 1992; Kim et al., 1994; 
Berniere and Carpentier, 1995; Sersen et al., 1998; 
Boucher and Carpentier, 1999; El-Sheekh, 1999), 
the PS II reaction center (Murthy and P. Mohanty, 
1995; Sersen et al., 1998), the PS II acceptor side 
(Prokowski, 1993; El-Sheekh, 1999) and the antenna 
of PS II (Murthy et al., 1990; Prokowski, 1993; Mur- 
thy and P. Mohanty, 1995; Nahar and Tajmir-Riahi, 
1995). It is proposed that at a lower concentration, 
Hg treatment inhibits electron transport at the accep- 
tor side of PS II, whereas, at higher concentrations, 
the donor side of PS II is also affected (Prokowski, 
1993). Both acceptor and donor sides of PS I are af- 
fected (Honeycutt and Krogmann, 1972; Kimimura 
and Katoh, 1972; De Filippis et al., 1981a,b; Rai et 
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al., 1991; Jung etal., 1995; Sersen etal., 1998). Hg 
action results in the release of the 33 kDa extrinsic 
protein of OEC (Fig. 5B; Berniere and Carpentier, 
1995). The effect was specific as the 16 kDa and the 
23 kDa OEC proteins, known to be released together 
with the 3 3 kDa protein after urea treatment remained 
unaffected (Fig. 5B). Synechococcus cells grown in 
low concentration of Hg showed loss of thylakoid 
proteins in the MW range of 40 to 60 kDa (Fig. 5C). 
This decrease was paralleled by a decrease in the low 
temperature fluorescence band at 695 nm (F695), 
indicating Chi a core antenna polypeptide as the site 
of action (Murthy et al., 1995). 

Hg displaces Mg in Chi, and this leads to Chi 
degradation in a light dependent manner (Patra and 
Sharma, 2000). Both F M and F p decreased in Hg 
treated barley plants, but F 0 remained unchanged. 
An unaltered F 0 , in intact leaves, indicated that 
PS II antenna was not affected (Lee et al., 1995). 
Such effects of Hg, at least in intact leaves are light 
dependent, the rate of alterations being much slower 
in the dark. However, a significant increase in F 0 has 
been observed in isolated chloroplasts after Hg treat- 
ment (Chun et al., 1994). Hg treated plants showed 
normal levels of Chi a fluorescence transient at the 
inflection D (F D ) but the amplitude at the peak P (F p ; 
see Fig. 1 for definitions) was quenched. The quantity 
F d - F 0 has been shown to reflect the number of inac- 
tive PS II centers, and since it was not affected in Hg 
treated plants, it indicates that Hg treatment did not 
influence the ratio of active to inactive PII centers. A 
decline in F v indicated inhibition at the donor side of 
PS II, and since hydroxylamine could only partially 
reconstitute this decline, it indicated that at least one 
of the inhibitory sites of Hg is before the OEC (Chun 
et al., 1994; Lee et al., 1995). 

Also, NADPH dependent increases in the J and I 
levels in the fast fluoresecnce induction curve of 
spinach chloroplasts are suppressed by Hg (Hal- 
dimami and Tsimilli-Michael, 2002). The reduc- 
tion is catalyzed by NADPH-PQ oxidoreductase of 
chlororespiratory electron transport chain, which 
is Hg sensitive (Haldimann and Tsimilli-Michael, 
2002). Hg treatment, either in dark or light, results 
in suppressed levels of q Q and qN (Lee et al., 1995). 
The decrease in qN is mainly due to a decrease in 
trans-thylakoid ApH (Lee et al., 1995). In the green 
alga, Haematococcus lacustris, however, the effects 
were opposite: qN increased in Hg treated cells and 
it was ApH independent (Xylander et al., 1996). The 
light sensitive effects of Hg are due to photoinhibi- 
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tion, and are reversible (Lee et al., 1995). 

D. Zinc (Zn) 

The physiological levels of Zn in leaves are in the 
range of 1 5 to 50 mg kg -1 on dry weight basis. Even a 
small decrease (~ 1 mg kg -1 ) in the minimum required 
amount is critical and can cause deficiency symptoms. 
Accumulation to levels several-fold higher than the 
normal maximum levels has been reported (Jones, 
1998 ). Zn interferes with Fe metabolism and induces 
Fe deficiency symptoms. 

Zinc inhibits photosynthesis and results in chlorosis 
(De Fillipis and Pallaghy, 1976a,b; Tripathy and P. 
Mohanty, 1980). By substituting Mg, Zn leads to 
inhibition of Rubisco (vanAssche and Clijsters 1986; 
Monnet et al., 2001). Incubation of chloroplasts with 
Zn lowers the steady state (F s ) Chi a fluorescence 
(Tripathy and P. Mohanty, 1980). This decrease is 
diuron (DCMU)-insensitive and can be restored by 
the addition of hydroxylamine and diphenylcarbazide, 
indicating that Zn inhibits electron transport at the 
donor side of PS II. The inhibition of PS II activity 
is saturated at ~5 mM Zn. Such concentrations are 
not, however, inhibitory for PS I. At relatively high 
concentrations (>5 mM), however, even electron 
transport at PS I is inhibited by Zn treatment (Tripathy 
and P. Mohanty, 1980). 

As is known for Cu, long-term exposure of diatoms 
to Zn also results in a decrease in F 0 as well as in F M 
(Rijstenil et al., 1994; Ivorra, 2000). The tolerance 
of rye grass ( Lolium perenne) to toxic levels of Zn 
is shown to arise from its ability to accumulate Mn 
in leaves without affecting F V /F M and the quantum 
yield of PS II electron transport. 

In the cyanobacterium Synechocystis aquatilis, Zn 
treatment decreased the number of photosynthetic 
units per cell but did not alter Chi to carotenoid ratio 
of PS II, indicating a normal PS II antenna (Magal- 
haes et al., 1998). 

E. Cobalt (Co) 

The physiological concentrations of Co in plants are 
in the range of 0.05-0.5 mg.kg _1 dry weight (Pais and 
Jones, 1996). Excess Co results in symptoms of typi- 
cal heavy metal ion toxicity (Agarwala et al., 1977; 
Rauser, 1978; Angelov et al., 1991) and inhibits net 
photosynthesis by increasing stomatal resistance and 
decreasing Rubisco carboxylase activity (Rauser 
1978; Samarakon and Rauser 1979; Rauser and 
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Samarakoon 1980; Angelov et al., 1991). 

Incubation of barley chloroplasts with Co ions 
lowers the room temperature Chi a fluorescence 
yield, and since this decrease can not be restored by 
hydroxylamine, it indicates that the mechanism of 
inhibition is different from that of Zn (Tripathy et al., 
1983). Also, unlike Zn, Co shows no effect on PS I 
activity even at a concentration as high as 10 mM. 

F. Aluminum (Al) 

Aluminum is the most common non-essential element 
that is toxic to plants. Al toxicity affects almost 40% 
of world’s arable land, more so in acidic soil condi- 
tions (Foyetal., 1978;Haug, 1984;Foy, 1988;Taylor, 
1988; Bona et al., 1994; Ritchie 1994), in which 
the AL’ predominates. Elowever, fly-ash deposits 
and bauxite residues are known to show toxicity at 
alkaline pH (Fuller and Richardson 1986; Foy 1988; 
Eleftheriou et al., 1993; Moustakas et al., 1997a). 
In acidic soils, levels above 2 to 3 ppm are toxic to 
many plants (Kinraide and Parker, 1987; Balsberg- 
Pahlsson, 1990). Primary site of Al action is the root 
(Foy, 1988; Taylor, 1988; Bennet and Breen, 1991; 
Rengel, 1992a,b; Eleftheriou et al., 1993; Le Van et 
al., 1994; Hegedus et al., 1998); damages, caused 
by Al, affect the nutrient uptake leading to reduced 
growth and mineral deficiencies in plants (Foy, 1988; 
Taylor, 1988). Higher levels of Al (~ mM) in nutrient 
solution result in decreased levels of Ca, Mg and P, 
and plants often show P or Ca deficiency symptoms 
(Foy et al., 1978; Jones 1998). Since the levels of Al 
in leaves, even under conditions of Al toxicity, were 
below the limit of detection (<lpM) (Moustakas 
et al., 1996), the effects of Al are considered to be 
indirect with the seemingly unlikely possibility that 
even trace Al concentrations in leaves can directly 
affect the change. In wheat, however, the growth, 
Chi content, photosynthesis and transpiration are 
shown to be negatively correlated with Al concen- 
trations in the leaves (Ohki, 1986). Depending on 
the growth condition, concentration and the mode 
of treatment, Al inhibits photosynthesis in mul- 
tiple ways, suppressing C0 2 fixation to changing 
the structure of thylakoids (Hampp and Schnable, 
1975; Okhi, 1986; Hoddinott and Richter, 1987; 
Scott etal., 1991; Moustakas and Ouzounidou 1994; 
Moustakas etal., 1995, 1996; Lidonetal., 1997). Al 
treatment lowers the amount of Chi, xanthophylls and 
carotenes, and the decrease, at least in Chi, was not 
due to its degradation (Ohki, 1986; Hegedus et al., 
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1998; Barnabas et al., 2000). Leaves of plants grown 
in the presence of high Al concentrations showed a 
significant decease in F V /F M (Miyasaka et al., 1997; 
Flegedus et al., 1998). Thinopyrum bessarabicum 
grown in a nutrient solution containing 1 mM Al 
under alkaline pH (pH 9) showed morphological and 
ultrastuctural changes in chloroplasts, and a reduced 
photosynthetic electron transport, C0 2 fixation and 
net photosynthesis (Moustakas et al., 1996, 1997a). 
Structural changes were accompanied by a lowering 
of q p and F V /F M and an increase in q N (Moustakas 
and Ouzounidou, 1994; Moustakas et al., 1996). A 
higher F 0 and F, - F 0 /F M - F 0 in Al-treated plants 
reflected PS II damage and selective inhibition of 
electron transport from Q A to Q B (Moustakas et al., 
1993, 1995, 1997a). These changes are attributed to 
Al dependent elemental loss, alterations in the chlo- 
roplast ultrastructure and intrathylakoid acidification 
(Moustakas and Ouzounidou, 1 994; Moustakas et al., 
1995, 1 997a). In isolated intact chloroplasts, Al sup- 
pressedthe C0 2 fixation and the inhibition was mainly 
due to chloroplast memebrane disruption while the 
Calvin-Benson cycle remained intact (Hampp and 
Schnabl, 1975). 

Aluminum tolerance in different plant species 
and cultivars is known (Aniol et al., 1980; Berzon- 
sky and Kimber 1986; Foy 1988; Moustakas et al., 
1992, 1993; Simon et al., 1994; Nunes et al., 1995; 
Pereira et al., 2000). Chi a fluorescence has been 
used as a screening method to evaluate Al tolerance 
(Moustakas et al., 1993). Al susceptible root-stocks 
of citrus showed a decline in F v /F 0 (Pereira et al., 
2000), indicating a structural damage to PS II, and 
not the stomata restriction to C0 2 entry as the primary 
mode of Al action. 

G. Lead (Pb) 

Physiological concentrations of Pb in plants are in the 
order of 0. 1-10 mg.kg -1 dry weight (Pais and Jones, 
1996). Coal-fired power stations, metal smelters and 
petrol (gasoline)/diesel engine exhausts are the main 
sources for Pb contamination (Lukaszek and Poskuta, 
1998). A non-essential element for plants, Pb, inter- 
feres with many physiological processes (Wozny and 
Krzeslowska, 1993; BurzynskiandBuczek, 1994a,b; 
Lukaszek and Poskuta, 1998) including photosyn- 
thesis and transpiration (F. A. Bazzaz et al., 1974a; 
1975; M. B. Bazzaz and Govindjee, 1974b; Poskuta 
etal., 1987, 1988; Sgardelis et al., 1994; Moustakas 
et al., 1994; Poskuta and Waclawczyk-Lach 1995; 
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Poskuta et al., 1996; Lukaszek and Poskuta, 1998; 
Parys et al., 1998), but stimulates respiration (Pos- 
kuta and Wacklawczyk-Lach, 1995; Poskuta et al., 
1996; Lukaszek and Poskuta, 1998). The primary 
site of action of Pb, in intact systems, seems to be 
the Calvin-Benson cycle (Stiborova et al. 1986a,b); 
photosynthetic electron transport (Rashid etal. 1994; 
Poskuta and Waclawczyk-Lach, 1995; Parys et al., 
1998; Romanowska et al., 1998) is less affected. In 
isolated chloroplasts, Pb interaction with PS I reac- 
tion center has been reported, though the PS I showed 
more tolerance to Pb action than PS II (D. Wong and 
Govindjee, 1976; Krupa and Baszynski, 1995). The 
Pb-mediated decrease in the Chi a fluorescence emis- 
sion was significantly restored by diphenyl carbazide, 
NH 2 OH and MnCl 2 indicating the site of inhibition 
is located at the donor side of PS II (Rashid and 
Popovic, 1990; Rai et al., 1996). 

Chi a fluorescence emission has been used to 
monitor the effects of Pb during the etioplast to 
chloroplast transition in detached pea seedlings (Lu- 
kaszek and Poskuta, 1998; Banaszak etal., 2001). Pb 
treatment delays the normal etioplast to chloroplast 
transition, and induces ultrastructural alterations. 
F 0 and t 1/2 of F v rise curve increased whereas, F M , 
F v and F V /F M decreased. Pb treatment induced a 
significant increase in the amount of abscisic acid 
in whole plants (Poschenrieder et al., 1989) leading 
to stomata closure. Similar results were found in 
detached leaves (Parys et al., 1998; Romanowska et 
al., 1998). Photochemical (F V /F M ) and biochemical 
(Rubisco/phosphoenol pyruvate carboxylase ) activity 
measurements showed that photosynthesis decreased 
only marginally, and the major change is only through 
abscisic acid-mediated stomatal closure. 

H. Nickel (Ni) 

Nickel is an essential element for some plants (Welch, 
1981; Eskew et al., 1984; Brown et al., 1987). Its 
amount in plants ranges from 0.01 to 5 mg.kg -1 
dry weight (Mishra and Kar, 1974). Agricultural, 
industrial and mining activities contribute to Ni 
contamination (Alloway, 1990). Acidic soil condi- 
tion increases its absorption and translocation to the 
vegetative tissues (Cataldo et al., 1978a,b; Soon et 
al., 1980). Under in vitro conditions, Ni inhibits pho- 
tosynthetic electron transport (Tripathy et al. 1981; 
N. Mohanty et al., 1989; Krupa et al., 1993b). Ni 
treatment of plants leads to a decrease in the amount 
of Chls, carotenoids, cytochrome (Cyt)f Cyt b 6 , Cyt 




652 



Manoj K. Joshi and Prasanna Mohanty 



b 559 , ferredoxin and plastocyanin (Veeranjaneyulu 
and Das, 1982; Sheoran et al., 1990a,b; Piccini and 
Malavolta, 1992; Krupa etal., 1993b; Molas, 1997) 
and lowers stomatal density, conductance, C0 2 as- 
similation and transpiration (Morgutti et al., 1984; 
Jones and Hutchinson, 1988; Sheoran et al., 1990a; 
Molas, 1997). Ni treated plants show morphologi- 
cal and ultrastructural changes in their chloroplasts 
with a reduction in the grana size and increase in 
the number of non-appressed thylakoid membranes 
(Molas, 1997). 

Though the Ni mediated decrease in the leaf area, 
Chi and carotenoids related well to the Ni concen- 
tration in the growth medium and the duration of Ni 
exposure, F V /F M in treated plants did not show any 
significant change (Krupa et al., 1993b). It was pro- 
posed that the Ni mediated down-regulation of light 
reactions arises as a result of feedback inhibition in 
response to a slow Calvin-Benson cycle (Krupa et 
al., 1993b). 

Recently, Gopal et al. (2002) used ratio of fluo- 
rescence at F680 to F730 (F680/F730) to detect the 
effects of high Ni concentrations on Mung plants 
(Vigna radiata Linn.). The in vivo laser induced 
chlorophyll spectra showed distinct effects at low (0.1 
mM) and high (1 mM) concentrations; F680/F730 
was lower at low Ni concentration but increased in 
presence of high Ni indicating a stimulation by Ni at 
low concentrations and inhibition at high. 



VII. Conclusions and Perspectives 

In this chapter, we have highlighted the use of Chi a 
fluorescence in determining the metal ion induced 
damage in plants, and its utility in unraveling the 
mechanistic details of metal ion action. Heavy met- 
als have multiple sites of action in plants and influ- 
ence a range of physiological functions. Many of 
the photosynthetic alterations, induced by different 
heavy metals, may be common, but the influence 
of heavy metal ions on photosynthesis does have a 
degree of specificity. The distinction is very clear in 
terms of the threshold for toxicity, and the range of 
alterations any metal ion evokes. The non-intrusive 
nature of Chi a fluorescence offers a great potential 
in its use in assessing the metal ion stress in vivo, 
especially under field conditions. The advancement 
of Chi a fluorescence imaging techniques provides 
further impetus to the progress of research in this 
area and has already been exploited to demonstrate 



the heterogeneity in the localization of metal ions in 
leaves and the dynamics of alterations induced in the 
photochemical yield of affected area. 
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Summary 

In cyanobacteria, the transfer of excitation energy from phycobilisomes (PBS) to Photosystem (PS) I and PS II 
is subject to regulation (a) by the osmolality of the cell suspension, and (b ) by the light acclimation state of cells. 
In hypo-osmotic suspension, or in the light acclimated state (state 1 cells), relatively more PBS excitation is 
delivered to PS II than in hyper-osmotic suspension, or in the dark-acclimated state (state 2 cells). Conversely, 
in hyper-osmotic cell suspension, or in state 2, PBS deliver relatively more excitation to PS I and less to PS II. 
As a result, cells in hypo-osmotic suspension, or in state 1 emit stronger chlorophyll a (Chi a) fluorescence 
(level Fj) compared to cells in hyper-osmotic suspension, or in state 2 cells (level F 2 ). The osmotically-induced 
Chi a fluorescence changes (AF) and cell volume changes (AV) obey Boyle-van t’ Hoff’s law (AF oc A V 
= kOsm olJT _1 ), where Osm OUT is the external osmolality. AF is linearly proportional to AV These properties 
allow for quantitative analyses, by means of Chi a fluorometry, of difficult to determine static and dynamic 
cell properties, such as cytoplamic osmolality ( Osm IN ), cell turgor threshold, solute and water transport, and 
thermotropic phase transitions of cell membrane lipids, at unsurpassed time resolutions. 

The osmotically-induced changes of Chi a in fluorescence in cyanobacteria are unrelated to changes in the 
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redox poise of photosynthetic carriers or in the transthylakoid ApH. We propose that the ApcD-PS I site, where 
ApcD is the PBS core subunit that donates excitation to PS I, operates as an osmoregulated excitation transfer 
valve. In hypo-osmotic conditions the valve is open and PBS deliver excitation to PS II only; in hyper-osmotic 
conditions the valve is closed and PBS deliver excitation to both PS I and to PS II. 



I. Introduction 

Chlorophyll a (Chi a) is ligated to thylakoid mem- 
brane proteins, and therefore its spectroscopic proper- 
ties reflect the physical and chemical events that occur 
in thylakoid domains. In particular, Chi a fluorescence 
has found numerous applications as reporter of ex- 
citon dynamics, photosynthetic electron transport, 
and photosynthetic productivity and its regulation by 
environmental signals. The various chapters in this 
volume are dedicated, in fact, to Chi a fluorescence 
as a tool for obtaining analytical information about 
photosynthesis and photosynthetic plants. 

The present chapter, nevertheless, deviates from 
this precept. It provides evidence that phycobilisome 
(PBS)-sensitized Chi a fluorescence in cyanobacteria 
does also report on osmotically-induced changes of 
the cell volume. Since these changes involve transport 
of solutes and water in and out of the cell, it follows 
that Chi a fluorescence can be employed as a dynamic 
probe of the non-chlorophyllous cell membrane of 
cyanobacteria. 



II. Light-induced and Osmotically-induced 
Changes of Chlorophyll a Fluorescence in 
Cyanobacteria 

A. Light-Acclimative Changes of Chlorophyll 
a Fluorescence 

Plants employ several overlapping defensive strate- 
gies in order to adjust to periodic and aperiodic 
fluctuations of ambient light (Anderson et al., 1995; 
Chapter 20, Golan et al.). At the thylakoid level, 
particularly important for such defenses are the 



peripheral light harvesting protein complexes, 
namely the intramembranous Chi u/h-carotenoid 
complexes (light harvesting complexes, LHCs) of 
photosynthetic eukaryotes and the extramembranous 
phycobilisomes (PBS) of cyanobacteria and red algae 
(reviewed in Chapter 7, Mimuro). Regardless of dif- 
ferences in composition, structure and location, all 
light harvesting antennae perform three main tasks: 
(i) In weak light they provide for sustained exciton 
flows to the reaction centers I and II (RCI, RCII) of 
Photosystems I and II (PS I, PS II). Photosynthetic 
organisms achieve this by dedicating light harvest- 
ing antennae with sufficiently large optical cross 
sections to each reaction center, (ii) In weak light 
also, RCI is enabled to run in synchrony with RCII, 
since it operates on downstream RCII products. To 
meet this objective, photosynthetic organisms adjust 
the relative size of the light harvesting antennae of 
PS II and PS I via light-acclimative processes known 
as ‘state transitions (Bonaventura and Myers 1969; 
Murata 1969, 1970; also Chapter 17, Allen and Mul- 
lineaux). (iii) Lastly, in strong light, photosynthetic 
organisms dissipate the potentially injurious excess 
electronic excitation (EEE) in PS II, as harmlessly 
as possibly. 

Long-term acclimations of plants to strong light 
(in excess of what is required for C0 2 fixation) elic- 
its multilayered responses that eventually modify 
antenna sizes, photosystem composition, and the 
PS II/PS I ratio (Anderson, 1986; Neale and Melis, 
1986; Murakami and Fujita, 1991; Anderson et al., 
1995; Schwarz and Grossman, 1998). In fact, as many 
as 1 60 genes have been shown to be affected by a 1 5- 
min exposure of Synechocystis cells to high light, with 
genes pertaining to photosystem content and antenna 
sizes being dowm egulated, while those pertaining to 



Abbreviations: ApcD, ApcE allophycocyanin-containing subunits of phycobilisome cores; Ax - antherazanthin; CCCP - carbonyl 
cyanide m-chlorophenyl hydrazone; Chi a - chlorophyll a ; Diuron (DCMU) - 3, (3,4)-dichlorophenyl dimethyl urea; EEE - excess 
electronic excitation; EET excitation energy transfer; ¥ { - limiting intensity of PBS-sensitized Chi a fluorescence (hypo-osmotically 
swollen cells and light acclimated cells); F 2 - limiting intensity of PBS-sensitized Chi a fluorescence (hyper-osmotically shrunk cells 
and dark acclimated cells); FRAP fluorescence recovery after photobleaching; HEPES - N-2-hydroxyethylpiperazme-N'-ethaiie sul- 
fonic acid; HLIP - high light inducible proteins; LHC - light harvesting complex; Osm E Osm^ Osm OUT _ osmolality of cell suspensions, 
cytoplasmic osmolality, external osmolality, respectively; PAM - pulse amplitude modulation; PBS - phycobilisomes; PQ - plasto- 
quinone; PQ P00 l ~ Intersystem pool of plastoquinones; PS I, PS II Photosystem I, Photosystem II; PSET photosynthetic electron 
transport; RCI, RCII - reaction centers I and II; RSET - respiratory electron transport; TEMPO - 2 , 2 ' , 6 , 6 ' - te trame thy lp iperidine - 1-oxyl; 
VDE violaxanthin deepoxidase; Vx - violaxanthin; Zx - zeaxanthin 
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CO : fixation, photodamage protection, and protein 
synthesis upregulated (Hihara et al.. 2001 ). 

Excess electronic excitation in PS II generates: 

(a) reduced intersystem plastoquinones (PQ K)UL ); 

(b) acidic lumen; and (c) feedback-regulation of PBS 
coupling to PS II in cyanobacteria and of non-pho- 
tochemical quenching of PS II excitation in higher 
plants (Nedbal et al., 2003). These signals trigger 
short-term acclimative responses that lead to the sup- 
pression of electronic excitation in light harvesting 
antenna complexes. Fundamental differences exist in 
the way eukaryotes and prokaryotes handle these local 
signals. The detailed mechanisms, only fragmentarily 
known, will be summarized as they pertain to the os- 
motic regulation of the distribution of PBS excitation 
energy to PS II and PS I in cyanobacteria. 

A reduced PQ pool , which can form independently 
of lumen acidification only at very weak exciting 
light, is the trigger for the state 1 to state 2 transi- 
tion in all photosynthetic organisms. In strong light, 
the two chemical signals coexist but their effects 
are different in higher plants and in cyanobacteria. 
In the former, the transthylakoid ApH that strong 
light generates favors interactions between Chls and 
neighboring xanthophylls (see Chapters by Adams 
and Demmig-Adams, Baker and Oxborough, Bruce 
and Vassil’ev, Gilmore, Krause and Jalins, and Golan 
et al.,) but it suppresses state transitions (Rintamaki 
et al., 1997). In cyanobacteria, the state 1 to 2 transi- 
tion is allowed in strong light (e.g., see Fig. 1; vide 
infra for details hand relates to the development of 
transthylakoid ApH ( Papageorgiou and Govindjee, 
1968a,b; Delphinetal., 1996, 1998; Campbell etal., 
1998). Most likely, the state 1 to state 2 transition is 
the main route by which cyanobacteria divert EEE 
from PBS to PS I and dissipate it as heat (Campbell 
and Oquist, 1996; Campbell et al., 1998; Papageor- 
giou and Govindjee, 1998a). 

1 State Transitions 

The light acclimation states 1 and 2 of thylakoid 
membranes can be defined in several ways. For the 
present discussion, we opt to designate as state 1 
the situation in which the PS II antenna is relatively 
larger, and as state 2 the situation in which the PS II 
antenna is relatively smaller. Conversely, the PS I 
antenna is relatively smaller in state 1 , and relatively 
larger in state 2. This definition is preferable because 
photosynthetic organisms can be poised to state 2 
or state 1 in the absence of illumination (Williams 




Fig. 1. Time course of chlorophyll a (Chi a) fluorescence during 
a dark-to-light acclimation of Synechococcus sp. PCC 7942. 
Cells (in BG 1 1 culture medium: 20 pM diuron; 0.080 Osm kg' 1 ), 
were dark incubated for 4 min, and then were illuminated with 
periodic excitation {measuring light ; X 650 nm; A X 25 nm; 
120 nmol photons nr 2 s 1 ; open triangle) which excited a steady 
Chi a fluorescence (level F : ; limiting fluorescence intensity of 
dark-acclimated cells or state 2 cells). Subsequent illumination 
with strong continuous light {actinic light: X> 650 nm: 1 .3 mmol 
oc ol photons nr 2 s~ l ; solid triangle) increased fluorescence to 
level F, (limiting fluorescence intensity of light-acclimated or 
state 1 cells). Only periodic fluorescence, synchronous to mea- 
suring light, was detected. The difference A F F, - F, reflects 
a quantum yield increase, not fluorescence excited by actinic 
light, since when measuring light was switched off (open arrow) 
Chi a fluorescence reached the zero level. A Pulse Amplitude 
Modulation (PAM) fluorometer was used. (Experiment by G. C. 
Papageorgiou and A. Alygizaki-Zorba. unpublished.) 



and Salamon, 1976; Williams et al., 1980; Woilman 
and Delepelaire, 1984; Mullineaux and Allen, 1986; 
Dominy and Williams, 1987; Mi et al., 1992; Mao 
et al., 2002). 

Operationally, two limiting states are distinguish- 
able from their characteristic Chi a fluorescence 
signals. At room temperature, the major pail of 
Chi a fluorescence originates from PS II, and a 
smaller, non-negligible part from PS I (Pfundel, 
1998; Gilmore et al., 2000). Thus, the transition from 
state 2 to state 1 is reported by an increase of Chi a 
fluorescence, while the transition from state 1 to state 
2 by a decrease (Papageorgiou and Govindjee 1967, 
1968a,b; Bonaventura and Myers, 1969; Murata 
1969). At cryogenic temperatures (77K, or lower) 
Chi a fluorescence of PS I is prominent, and spec- 
trally resolvable from the PS II fluorescence. Here, 
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the state 2 to state 1 transition enhances the PS II 
fluorescence (~670-700 nm) and depresses the PS I 
fluorescence (~7 1 5-740 nm). Conversely, the state 1 
to state 2 transition enhances the PS I fluorescence and 
depresses the PS II fluorescence (Bruce et al., 1989; 
Mullineaux et al., 1990). Finally, with sophisticated 
time-resolved fluorescence techniques light-induced 
changes in the Chi a fluorescence of PS I are detect- 
able even at room temperatures (Mullineaux et al., 
1990; Gilmore et al., 2000). 

State transitions have been investigated intensively 
and reviewed extensively in the last 30 to 35 years 
(Govindjee and Papageorgiou 1971; Papageorgiou, 
1975, 1996;ForkandSatoh, 1983; Fork andMohanty, 
1986; Williams and Allen 1987; Allen, 1992; Bald et 
al., 1996; Rbgneretal., 1996; Campbell et al., 1998; 
vanThoretal., 1 998;Allen and Forsberg, 2001; Hal- 
drup et al . , 200 1 ; Kruse, 200 1 ; Wollman 200 1 ; Mul- 
lineaux and Karpinski, 2002; Chapter 1, Govindjee; 
Chapter 17, Allen and Mullineaux; Chapter 19, Bruce 
and Vassil’ev). Significant progress towards the un- 
derstanding of the underlying molecular mechanisms 
was made in recent years, enabled by insights from 
molecular biology and electron microscopy. 

In photosynthetic eukaryotes, a reduced PQ pool is 
sensed by the binding of a plastoquinol to the Q 0 site 
of reduced Cyt b 6 f complex, and the ensuing local 
structural change which activates a membrane-bound 
kinase and releases it to the stroma (reviewed by 
Vener et al., 1997). The kinase phosphorylates light 
harvesting proteins Lhcbl and Lhcb2 (of LHCII) at 
stroma-exposed threonine residues (Rintamaki et 
al., 1997, and cited literature), which subsequently 
migrate and dock to PS I, thereby increasing its 
optical cross section. Important for the docking are 
two PS I core proteins, PsaH (Lunde et al., 2000; 
Haldrup et al., 2001) which provides a molecular 
recognition site (Allen and Forsberg, 2001), and PsaG 
which stabilizes the attachment of LHCI to the PS I 
core (Jensen et al., 2002). The re-oxidation of the 
plastoquinol at the Q 0 site of the Cyt b 6 f complex 
triggers the reversal of this sequence (state 2 to state 
1 transition). The nature and the origin of the physical 
forces that power and direct the movements of the 
Lhcb 1 ,2 phosphoproteins in the thy lakoid membrane 
remain to be elucidated. 

In cyanobacteria, the state transitions mechanism 
is different and also less well known. Some striking 
dissimilarities are : (a) The peripheral light harvesting 
antennae of cyanobacteria (the PBS) are external, 
attached to the stroma surface of the thylakoid mem- 



brane; in photosynthetic eukaryotes they are internal, 
situated within the membrane (the Clil a/6/carotenoid 
holochromes). (b) Photosynthetic and respiratory 
electron transport (PSET and RSET) co-exist in the 
thylakoid membrane of cyanobacteria and intersect 
at the PQ-pool; in photosynthetic eukaryotes they 
are segregated to different organelles. Thus, dark 
acclimation poises cyanobacteria to state 2 (PQ-pool 
reduced by RSET substrates), and plants to state 1 
(PQ-pool auto-oxidized; Hirano et al., 1980; Mi et 
al., 1992; Campbell et al., 1998 and citations), (c) 
Weak light triggers the state 1 to 2 transition in pho- 
tosynthetic eukaryotes (Ried and Reinhardt, 1980) 
and in cyanobacteria (Campbell et al., 1998). Strong 
light iMiibits protein phosphorylation and the state 
1 to 2 transition in higher plants (Rintamaki et al., 
1997; Chapter 19, Bruce and Vassil’ev), but not in 
cyanobacteria (see Fig. 1). Protein phosphorylation 
is not required for state transitions also in red algae 
(Delphin et al., 1995). (d) Light activated protein 
phosphorylation is a prerequisite for the state 2 to 1 
transition in plants. In cyanobacteria, no PS II protein 
is phosphorylated when they are exposed to strong 
light (Pursiheimoetal., 1998). (e) Cyanobacteria lack 
the PsaFI and PsaG that are essential for the state 2 
to 1 transition in higher plants (vide supra). 

Intuitively, the enlargement of the optical cross 
section of PS I at the expense of the optical cross 
section of PS II during the state 1 to state 2 transition 
may reflect the dissociation, lateral displacement and 
reassociation of pigment protein complexes. Experi- 
ments show that PBS feed electronic excitation pref- 
erentially to PS II in state 1 , and preferentially to PS I 
in state 2. Intense light (photobleaching level ) incites 
PBS to diffuse rapidly without losing contact with the 
thylakoid surface, while PS II cores remain immobile 
(Mullineaux etal., 1997). Diffusion depends inversely 
on PBS mass, but is independent of membrane fluid- 
ity, suggesting absence of correlated displacements 
of membrane intrinsic proteins (Sarcina et al., 200 1 ; 
Chapter 17, Allen and Mullineaux). Only the PBS 
cores appear to be important in regulating excitation 
delivery to PS II and PS I via the anchor polypeptide 
(ApcE) and its allophycocyanin (Ashby and Mul- 
lineaux 1 999; Zhao et al., 200 1 ). However, we do not 
know if weak light can incite PBS displacements, or 
if after photobleaching the PBS actually move from 
PS II sites to PS I sites. 

Quite remarkably, light/dark-induced state transi- 
tions in cyanobacteria have beenreportedto take place 
also under conditions that exclude involvement of 
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PBS as excitation donors. They occur in PBS-defec- 
tive mutants (Bruce et at., 1989; Olive et al., 1997; 
McConnell et al., 2002), upon direct excitation of 
Chi a in the Soret band, and they are influenced by 
thylakoid membrane fluidity (El Bissati et al., 2000), 
suggesting involvement of intramembranous Chi a- 
protein complexes. Based on steric compatibility 
arguments it has been proposed that the PBS dock 
preferentially to dimeric PS II cores in state 1 and 
to trimeric PS I cores in state 2 (Bald et al., 1996). 
Isolated trimeric PS I cores were shown to be less 
fluorescent than monomeric cores (Meunier et al., 
1997). However, even if it actually occurs in vivo, 
the reversible oligomerization of core complexes 
must be only coincidental to state transitions, since 
Synechococcus PCC 7002 mutants that are unable to 
form PS I trimers because they lack the PsaL sub- 
unit are nevertheless capable of the state 2 to state 1 
transition (Schluchter et al., 1996). 

This phenomenology suggests that possibly not 
one but two regulatory mechanisms are involved 
in modifying the optical cross sections of RCI and 
RCII of cyanobacteria (McConnell et al., 2002). The 
first operates in low light intensities, is triggered by 
the redox state of the PQ-pool, and involves intra- 
membranous Chi a holochromes of PS II and PS I 
core complexes. The second operates at high light 
intensities, is triggered by transthylakoid ApH, and 
involves primarily PBS. 

Figure 1 displays a typical record of a state 2 to 
state 1 transition in the cyanobacterium Synechococ- 
cus sp. PCC 7942 at room temperature, as detected 
by PBS-sensitized Chi a fluorescence. The cells were 
suspended in hypo-osmotic medium (bufferedBGl 1 
culture medium; 20 mM Hepes NaOH, pH 6.5; 0.080 
Osm kg -1 ) that contained 20 pM DCMU to block 
electron transport from RCII to RCI. Initially, the 
cells were poised at state 2 by a 4-min dark incubation 
(PQ pool reduced by RSET substrates). Excitation 
with weak periodic light (called measuring light ) that 
was preferentially absorbed by the PBS produced 
weak steady Chiu fluorescence, characteristic of 
state 2 (level F 2 ); subsequent excitation with 10,000 
times stronger continuous actinic light (also absorbed 
preferentially by PBS) oxidized the PQ pool photo- 
chemically (via RCI) and raised Chi a fluorescence 
to the higher level F 1 , characteristic of state 1 . When 
the weak measuring light was switched off (while 
the actinic light was still on) the fluorescence signal 
dropped to a zero value. 

The steadiness of the F 2 -level fluorescence proves 



that the measuring light was too weak for actinic ef- 
fects. The steadiness of the F r level proves that the 
strong actinic light caused no photobleaching. The 
fluorescence difference AF = F, - F, characterizes 
the higher fluorescence quantum yield of state 1 cells 
relative to state 2 cells. And the obliteration of the 
fluorescence signal by switching off the measuring 
light only proves that actinic light made no contribu- 
tion to the fluorescence signal. 

2. Nonphotochemical Quenching of Chloro- 
phyll a Fluorescence 

The dissipation of EEE of Chi in peripheral antenna 
holochromes by xanthophylls is a fast (seconds to 
minutes) defensive mechanism shared by almost 
all photosynthetic eukaryotes (Muller et al., 2001). 
Known as the xanthophyll cycle, the mechanism re- 
quires acidic lumen (pH regulated between 5.8 and 
6.5; Kramer et al. 1999, and Chapter 10, Kramer 
et al.), de-epoxidized xanthophylls, and nuclear- 
encoded LHCs. Acidic lumen activates the stroma 
enzyme violaxanthin deepoxidase ( VDE; see Chap- 
ter 20, Golan et al.) which moves to the membrane 
phase where it reduces diepoxide violaxanthin (Vx) 
to monoepoxide antheraxanhin (Ax) and 1,2-diol 
zeaxanthin (Zx). Both reduced products quench 
excited antenna Chls. Excitation quenching presum- 
ably involves protein conformational changes which 
bring Chi a and xanthophylls to excitonic coupling 
proximity. The resulting split of electronic levels is 
assumed to facilitate internal conversion dissipation 
as heat of the electronic excitation (Horton et al., 
1991; Crofts and Yerkes, 1994; Ruban et al., 1996; 
Chapter 19, Bruce and Vasil’ev). Xanthophylls dis- 
sipate EEE also independently of the xanthophyll 
cycle and P-carotene is involved in the removal of 
singlet oxygen. 

Adaptive processes, such as chromatic adaptation 
(reviewed by Grossman et al., 1994) and expression 
of high light-inducible proteins (HLIPs; Dolganov 
et al., 1995; Grossman et al., 2001; Havaux et al., 
2003 ) enable cyanobacteria to respond to fluctuations 
of light intensity and spectral distribution. However, 
these processes are relatively slow as they require 
induction and expression of specialized genes; there- 
fore, they cannot protect cyanobacteria from rapid 
changes in ambient light. 

Cyanobacteria contain ample quantities of Zx and 
other xanthophylls but no xanthophyll cycle ( Hirsch- 
berg and Chamovich, 1994). It appears, then, that 
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in the absence of xanthophyll cycle, cyanobacteria 
utilize the fast build-up of transmernbrane ApH under 
EEE conditions and the state 1 to state 2 transition in 
order to divert electronic excitation from PBS to PS I 
Chi a. Arguments in favor of such mechanism are: 
(i) Light-induced state transitions in cyanobacteria 
occur reversibly under intense light (see Fig. 1 ) while 
intense light inhibits LHC phosphorylation, and pre- 
sumably state transitions, in algae and higher plants 
(Rintamaeki et al., 1997, 2000; Pursiheimo et al., 
1998). (ii) Cyanobacteria lack the LHCII and LHCI 
complexes, the G, H and N subunits of the PS I core 
are absent (Golbeck 1994, Fromme et al., 2001), a 
reduced PQ-pool docs not promote phosphorylation 
of intramembranous proteins (Pursiheimo et al., 
1998), and a PS II to PS I excitation spillover has 
been ruled out (Fork and Satoh, 1986; Mullineaux 
et al., 1986). Thus, intramembranous quenching of 
EEE in cyanobacteria, by mechanisms analogous to 
those of higher plants, appears improbable, (iii) In 
cyanobacteria, more than 80% of Chi a belongs to 
PS I (reviewed in Chapter 7, Mimuro) and comprises 
several excitonically-coupled Chi a aggregates ( red 
Chi a) that serve as sinks of Chi a excitation (Fromme 



ct al., 2001; Gobcts and van Grondclle, 2001). (iv) 
Two-dimensional diffusion of PBS on the stroma 
surface of thylakoids has been observed after pho- 
tobleaching (Mullineaux et al., 1997; Sarcina et al., 
2001; Chapter 17, Allen and Mullineaux), but not 
under weak light, which however is capable of shifting 
cyanobacterial cells from state 2 to state 1. 

6. Osmotically-induced Changes of Chloro- 
phyll a Fluorescence 

As demonstrated by Papageorgiou and Alygizaki- 
Zorba (1967) and Papageorgiou et al. (1998), the 
excess fluorescence AF = AF = F, - F 2 , detected as 
a result of a state 2 to state 1 transition, becomes 
progressively smaller as the osmotic pressure of the 
cyanobacterial cell suspension increases. This is illus- 
trated in Fig. 2 A in the case of Synechocystis sp. PCC 
6803. The osmotic effect on AF varies continuously, 
between an upper and a lower limit (Fig. 2B). Above 
a sufficiently high external osmotic pressure the 
chemical signal (reduced PQ PO ol) that light acclima- 
tion generates has no effect on PBS-sensitized Chi a 
fluorescence, which remains at level F 2 . Conversely, 




Fig. 2. Effects of the cell suspension osmolality (Osm, kg ') on the light-induced AF in Synechocystis sp. PCC 6803. Experimental de- 
tails, as in Fig. 1. Osm,. was adjusted with sorbitol (impermeable osmoticum). A. The light-induced Chi a fluorescence rise at 3 different 
Osm E . (Experiment by G. C. Papageorgiou and A. Alygizaki-Zorba, unpublished.) B. AF = F, - F,as a function of Osm E . (Reproduced 
by permission from Papageorgiou and Alygizaki-Zorba, 1997.) 
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a hyper-osmotic shift applied to hypo-osmotic cell 
suspension suppresses Chi a fluorescence from F, 
to a lower level, and ultimately to F 2 at a sufficiently 
strong osmotic upshift. 

The osmotic effects, therefore, override the ef- 
fects of light acclimation on PBS-sensitized Chi a 
fluorescence. These phenomena were observed in 
unicellular cyanobacteria ( Synechococcus sp. PCC 
7942, Synechococcus sp. PCC 7002, Synechocystis 
sp. PCC6803) and the filamentous cyanobacterium 
( Phormidium laminosum). It is likely, that all cya- 
nobacteria behave similarly. 

C. Relation of Osmotically-induced Cell 
Volume and Chlorophyll a Fluorescence 
Changes 

Cells perceive the osmotic pressure of impermeable 
solutes only. An increase in the total concentration 
per kg suspension (molality) of these solutes (osmo- 
lality, Osm E ) causes cells to reduce internal osmotic 
spaces by exporting water. Since lipid bilayers of 
plasma membranes are incompressible, reduction 
of cell volume is achieved by wrinkling, which in 
gram-negative bacteria (and cyanobacteria) is not 
attended by plasmolysis (Walsby, 1982; Schwartz 
and Koch, 1995). Therefore, changes in the internal 
osmotic space of gram-negative cells are in a way 
analogous to changes in total cell volume. 

In Fig. 3, the osmotically-induced changes in Chi a 
fluorescence of Synechococcus sp. PCC 7942 cells 
(AF; measured as in Fig. 1) are plotted against cell 
volume changes ( AV) measured by microhematocrit 
cell packing. Although packed cell columns are 
sums of several contributions, namely osmotic cell 
spaces, non-osmotic cell inclusions, membranes and 
cell walls, and intercellular spaces, the osmotically- 
induced AV reflects osmotic cell spaces only. The 
figure shows AF to be a linear function of AV The 
linear relation between osmotically-induced AF and 
AV was verified also by independent measurements 
of cell volume, using (a) light scattering (Stamata- 
kis et al., 1999; Ladas, 2002), (b) flow cytometry 
(K Stamatakis and GC Papageorgiou, unpublished 
experiments), and (c) the EPR signal of a soluble 
nitroxide probe entrapped within the cells (TEMPO; 
after Blumwaldetal., 1983, 1984; K. Stamatakis, N. 
Murata, and GC Papageorgiou, unpublished). 

Osmotically-induced AF and AV are reversible. 
At very high Osm E values, however, cell envelope 
deformations become progressively irreversible 




Cell volume change, AV (a.u) 

Fig. 3. Correspondence of the light-induced Chi a fluorescence 
differences (A F) and osmotically-induced cell volume changes 
(A V) in suspensions of Synechococcus sp. PCC 7942 cells. Cell 
volumes were estimated with a microhematocrit. Circles and 
squares represent two independent experiments, (a.u. is for arbi- 
trary units.) Other details, as in Fig. 1 . Reproduced by permission 
from Ladas and Papageorgiou (2000a). 

(K. Stamatakis, G. C. Papageorgiou and N. Murata, 
unpublished). 



III. Applications 

A. Determination of Turgor Threshold (Cyto- 
plasmic Osmolality) of Cyanobacteria! Cells 

When AF values from Fig. 2A are plotted against 
the inverse osmolality of the cell suspension, a char- 
acteristic plot is obtained consisting of two linear 
intersecting segments (Fig. 4). The plot is typical 
of bacterial cell volumes in suspensions of different 
osmolalities (Melhorn and Sullivan 1988; Papageor- 
giou and Alygizaki-Zorba, 1997; Papageorgiou etal., 
1 998). The intersection of the two linear segments 
defines the turgor threshold of the cells, namely the 
limiting condition at which cytoplasmic osmolality 
(Osm IN ) equals the osmolality of cell suspension 
(Osm E ). This technique provides the fastest and most 
accurate way to estimate Osm^, and from that the 
total amount of osmotically active molecular species 
in the cell, a physical magnitude that is difficult to 
access. For short time periods (tens of minutes) the 
total amount of osmotically active molecular spe- 
cies in the cytoplasm does not change when Osm E is 
changed, since only water is allowed to flow in and out 
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Fig. 4. Determination of turgor threshold (cytoplasmic osmolal- 
ity). Here, the light-induced Chi a fluorescence rise (AF) is plotted 
against the inverse osmolality (kgOsnyf 1 ) of the cell suspension: 
data from Fig. 2B (Synechocystis sp. PCC 6803 ). (Modified from 
Papageorgiou and Alygizaki-Zorba. 1997.) 

of cells through plasma membranes. At longer times 
(hours), cells mobilize metabolic processes which 
change the amounts of osmotically active species in 
the cytoplasm, such as the synthesis and degradation 
of compatible organic osmolytes ( Papageorgiou and 
Murata, 1 995 and cited references). Turgor threshold, 
therefore, is not a cell-specific constant; it varies as 
cells adapt to external conditions (Ladas and Papa- 
georgiou, 2000a,b). 

The turgor threshold defines the hyper-osmotic 
domain (shaded area in Fig. 4) and the hypo-osmotic 
domain (unshaded area) of the cell suspension. In 
the hyper-osmotic domain, turgor pressure is zero, 
and only the external osmotic pressure opposes cell 
volume expansion and contraction. In that domain, 
cyanobacterial cells behave as ideal osmometers, 
obeying the osmotic law of Boyle-van’t Hoff (AF * 
AV = k Osm F "'). In the hypo-osmotic domain, cells 
are turgid and cell volume expansion is opposed by 
two forces, Osm E and the force that the elastic de- 
formation of the cell envelope (cell wall and plasma 
membrane) generates. 



B. Permeability of Cyanobacterial Cells to 
Solutes 

An increase in the concentration of passively pen- 
etrating solutes in a cell suspension will cause cell 
volume enlargement, as solutes and water molecules 
partition into cells until a new state of concentration 
and osmotic equilibrium is reached. As mentioned 
already, in cyanobacteria and other walled cells the 
cell volume expansion is determined not only by 
osmotic forces (« Osm IN - Osm,.), but also by the 
elastic force of stretched cell walls. In such cells, 
there is an upper limit of cell volume increase in the 
presence of passively penetrating solutes. 

Figure 5 shows that PBS-sensitized Chi a fluo- 
rescence can be used to identify penetrating and 
nonpenetrating solutes. Addition of Na and K. salts 
to suspensions of light acclimated Synechococcus 
sp. PCC 7942 depresses Chi a fluorescence and cell 
volume ( AV « AF) initially, because the hyper-osmoti- 
cally induced water efflux is much faster (x ~ 1 ps) 
than the uptake of solutes (x > 1 ms). In the case of 
NaCl, the initial Chi a fluorescence decrease; this 
decrease is succeeded by a rapid rise, indicating cell 
volume increase. This is caused by the passive uptake 
of Na*, Cl (along the concentration gradient ) and of 
water (along the osmotic difference). This phenom- 
enon was reported originally by Nitschmann and 
Packer (1992), who used 23 Na + NMR spectroscopy 
and a nonpenetrating NMR signal quencher in order 
to estimate cell volumes. The Fig. 5 experiment faith- 
fully reproduces these earlier results, with a different 
method, however ( PBS-sensitized Chi fluorescence ), 
and at a much higher time resolution (below 1 0 ms). 
Characteristically, no other counter anion, of those 
tested in the Fig. 5 experiment, did support pas- 
sive uptake of Na' in Synechococcus, and no other 
counter cation passive uptake of Cl . According to 
Nitschmann and Packer (1992), counter anions F", 
Br , NO,", and NO, also support passive uptake of 
Na by fresh water Synechococcus. Slow penetration 
of solutes at longer times, through solute-specific 
channels, are also reportable by Chi a fluorescence. 
This is illustrated in the case of KC1 which, as shown 
in Fig. 5, causes Chi a fluorescence to rise slowly. 

C. NaCl Uptake and Na * Expulsion Dynamics 
by Freshwater Synechococcus 

Species of freshwater Synechococcus (e.g., S. 6301 
or A nacystis nidulans, S. 63 1 1 , S. leopoliensis , and S. 
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Time 

Fig. 5. Changes in permeability of Synechococcus sp. PCC 7942 cells by the addition of electrolytes, as detected from phycobilisome 
(PBS)-sensitized Chi a fluorescence. End concentrations of added salts are indicated. Reproduced by permission from Stamatakis et 



al. (1999). 

sp. PCC 7942) have been used extensively as model 
cyanobacteria in studies of Na and Cl transport 
dynamics and of salinity tolerance. The picture that 
emerged is as follows: In the short-term (approx, up 
to 1 hr) cells import Na passively, in co-transport 
with Cl , and export it actively, at the expense of 
cytoplasmic ATP (via Na -ATPases) and of trans- 
membrane ApH (generated by p-type ATPases) by 
Na /H antiport. In the longer-term (above approx. 
1 h), salinity stress induces cells to mobilize genomic 
and biosynthetic machineries in order to synthesize 
massive quantities of sucrose, which is the exclusive 
compatible organic osmoregulator of fresh water 
Synechococcus. These phenomena have been inves- 
tigated extensively over the last 30 years, in several 
laboratories, with independent methodological ap- 
proaches (see citations in Stamatakis et al., 1999; 
and Papageorgiou et al., 2001). 

A rise in the NaCl concentration in a suspension 
of freshwater Synechococcus triggers a cascade of 



events that can be suitably followed and analyzed at 
unsurpassed time resolution, by monitoring cell vol- 
ume changes via PBS-sensitized Chi a fluorescence 
(Stamatakis et al., 1999; Ladas and Papageorgiou, 
2000a,b; Papageorgiou et al., 1998, 2001). This is 
illustrated in Fig. 6, which depicts cell volume dy- 
namics after a salinity upshock, in three successive 
and overlapping time windows. Injection of NaCl 
(AC NaC1 = 0.4 M) to a suspension of light-acclimated 
cells pushes their volume to minimum within 10 ms 
(Papageorgiou et al., 1998), as cytoplasmic water is 
forced out. Soon, however, the process is reversed: 
cell volumes increase as Na , Cl and water move in 
(Fig. 6A). Obviously, the osmotically induced efflux 
of water is much faster (t Vj « 10 ms) than the influx 
of NaCl along the concentration gradient. In other 
words, NaCl is perceived by cells initially as a non- 
penetrating solute (osmoticum), and subsequently as 
a penetrating solute. A corresponding concentration 
upshock with the nonpenetrating zwitterions glycine 
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Fig. 6. Dynamics of Synechococcus sp. PCC 7942 response to NaCl concentration upshock, as reported by Chi a fluorescence. Three 
time windows are shown. A: Fast events. State 1 cells subjected to concentration upshocks by impermeable solute glycine (Gly) betaine 
and a permeable solute NaCl. B: Intermediate-term events. Stale 2 cells subjected NaCl upshocks at indicated final concentrations. C: 
Long-term events. State 2 cells subjected to NaCl concentration upshocks in the absence and in the presence of protonophore CCCP 
(0. 1 1 pM ). Fig. 6A is reproduced by permission from Papageorgiou et al. ( 1998): Fig. 6B: by permission from Stamatakis et al ( 1999); 
Fig. 6C: G. C. Papageorgiou and A. Alygizaki-Zorba (unpublished experiments). 



betaine results only in the expulsion of cytoplasmic 
water, and the attendant depression of the cell vol- 
ume. In a longer time window (Fig. 6B) cell volumes 
are shown to rise w ith the external concentration of 
NaCl and to tend to a limit, as it would be expected 
for walled cells. 

At even longer times (Fig. 6 C), cytoplasmic Na f 
is driven out actively by the Na /FT antiporters 
(Blumwald et al., 1983, 1984; Molitor et al., 1986; 
Nitschmann and Packer, 1992 ) and the electrogenic 
Na -ATP pumps of the plasma membrane (Ritchie 
1 992 ). Na' extrusion, in exchange for suspension me- 
dium protons, depresses the cytoplasmic osmolality 
because carboxylic acids have lower dissociation 
constants compared to Na' salts (i.e., K RCOOH « 
K R cooNa)* As a consequence, cell volumes decrease, 
as shown in Fig. 6C. Protonophore CCCP (carbonyl 
cyanide m-chloropenyl hydrazone), which collapses 
ApH across the cell membrane, is shown to block 
the cell volume depression. This underscores the 
importance of Na /FT antiport for the expulsion of 
cytoplamic Na' against the Na' concentration gradi- 



ent. Volume decreases were observed to occur also 
at pH 9 (although more slowly than at pH 6.5), sug- 
gesting involvement of Na'-ATPase pumps for Na f 
extrusion (Papageorgiou et al., 2001). 

These are the first lines of defense of freshwater 
Synechococcus species to salinity upshocks. They all 
depend on readily available energy sources, such as 
ATP pools and transmembrane proton gradients, and 
on the ability of the cell to replenish them through 
metabolic processes. Subsequently, these defenses 
are complemented by the massive synthesis of 
compatible organic osmolytes (sucrose in the case of 
freshwater Synechococcus ) with which the cytoplasm 
is maintained hyper-osmotic relative to the suspen- 
sion medium. Increases in cytoplasmic osmolality, 
as a result of long-term adaptive processes, can be 
also monitored through their effects on the PBS-sen- 
sitized Chi a fluorescence (Ladas and Papageorgiou, 
2000a,b). 
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Fig. 7. Kinetics of water uptake by Synechococcus sp PCC 7942 
cells, as reported by PBS-sensitized Chi a fluorescence. NaCl 
loaded cells (BG1 1 culture medium. 0.8 M glycine (Gly)betaine; 
0.4 M NaCl) were injected either (A) in hypo-osmotic medium 
(BGl 1 ), or (B) in hyper-osmotic medium (BG1 1. 0.8 M glycine 
betaine, 0. 4 M NaCl). CCCP, 30 pM. was present in all media 
to block Na /H antiporter activity. In A, hyper-osmotic cells 
swelled by absorbing water from the hypo-osmotic suspension 
and this caused Chi a fluorescence to rise. In B, virtually no net 
water was taken up by cells. Therefore cell volume and Chi a 
fluorescence did not change. (Experiment by N. Ladas and G.C. 
Papageorgiou, unpublished.) 



D. Permeability of Freshwater Synechococ- 
cus to Water 

The property of cells of freshwater Synechococcus to 
import NaCl passively and export Na + only actively, 
makes these cyanobacteria suitable models for wa- 
ter transport studies. In principle, NaCl loaded and 
water-depleted cells are injected into hypo-osmotic 
medium and the ensuing invasion of water molecules 
and cell volume increase are monitored by means of 
the Chi a fluorescence rise. 

Figure 7 illustrates the principle. Synechococcus 
cells, pre-incubated in hyperosmotic saline (BGl 1 
culture medium, 0.4 M NaCl, 0.8 M glycine beta- 
ine) in order to load them with NaCl and reduce 
cytoplasmic water, were injected either into the same 
medium, or into hypo-osmotic medium ( BG 1 1 ), and 
the kinetics of PBS-sensitized Chi a fluorescence 
were recorded. Chi a fluorescence rose to a maxi- 
mum when NaCl-pre-loaded cells were injected into 
hypo-osmotic medium (Fig. 7A), but not when they 



Fig. 8. The difference (A F = F, - F 2 ) between Chi a fluorescence 
of state 1 cells (F,) and state 2 cells (F 2 ) as a function of the 
temperature of the cell suspension during the assay. Wild-type 
cells and desA /desD mutant cells of Synechocystis sp. PCC 
6803 are compared. Membrane lipids in wild-type cells are rich 
in polyunsaturated fatty acids, while in mutant cells they contain 
monounsaturated fatty acids (Tasaka et al., 1996). Reproduced 
by permission from Papageorgiou et al. (1999) 

were injected into hyper-osmotic saline (Fig. 7B). In 
the first instance, the fluorescence rise signaled the 
influx of water into cytoplasm, and the attendant cell 
volume swelling; in the second, the hyper-osmotic 
suspension medium prevented net water uptake, 
and thus cell volume increase. DCMU (20 pM) and 
CCCP (30 pM) were present in all media in order to 
eliminate ApH-dcpcndent and ATP-dependent Na + 
transport. 

Lastly, from Arrhenius plots we estimated the 
activation energy of water uptake by NaCl-loaded 
Synechococcus cells at 5.86 kcal mol 1 (N Ladas 
andGC Papageorgiou, unpublished). This activation 
energy is in the range that characterizes facilitated 
water transport trough water pores (aquaporins). 
Significantly higher activation energies characterize 
water diffusion through lipid bilayers. 

E. Thermotropic Transitions of Cell Membrane 
Lipids in Cyanobacteria 

Osmotically-induced cell volume changes require 
selectively permeable cell membranes. When cells 
are cooled below the temperature at which membrane 
lipids change from the liquid crystalline state to the 
phase separation state (reviewed by Murata, 1989) 
cell membranes become indiscriminately perme- 
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able. The temperature range of this thermotropic 
phase transition depends on the fraction of esteri- 
fied polyunsaturated fatty acids. Cell membranes 
that are rich in polyunsaturated fatty acids are more 
fluid (as quantified by probe mobilities), experience 
the thermotropic transition at lower temperatures, 
and tolerate chilling stress more competently than 
membranes less rich in polyunsaturated fatty acids, 
(reviewed by Gombos and Murata, 1998). 

In cyanobacteria, cell swelling is attended by an 
increase and cell contraction by a decrease of the 
PBS-sensitized Chi a fluorescence. We used this 
property to determine the phase transition tempera- 
ture of lipids in cyanobacterial cell membranes. The 
principle is illustrated in Fig. 8 (Papageorgiou et al., 
1999), which compares two Synechocystis sp. PCC 
6803 strains: wild-type cells that are rich in polyun- 
saturated fatty acids, and desA~/desD~ mutant cells 
whose fatty acids lack A 12 and A6 double bonds 
(Tasaka etal., 1996; Wada and Murata, 1998). Cells 
were light-acclimated to state 1 (level F,; see Fig. 1) 
in hypo-osmotic suspension (0.08 Osm kg -1 ), and 
then they were subjected to hyper-osmotic shock with 
sorbitol (Aosm= 0.407 kg -1 ). The figure shows the 
fluorescence lowering caused by the hyper-osmotic 
shock ( AF = F hypo - F hyper ) against the cell suspen- 
sion temperature. In the wild-type cells AF declines 
continuously from 34 °C to 6 °C. In contrast, mutant 
cells exhibited a shallow AF decline from 34 °C to 
21 °C first, then a discontinuity between 20-21 °C, 
signifying loss of ability for osmotic volume change, 
and then a further shallow decline from 20 °C to 6 °C. 
The estimated thermotropic transition temperature 
estimated by fluorometry coincides with the value 
that was measured earlier in the same cyanobacterial 
mutant strain with differential calorimetry (Tasaka 
etal., 1996). 



IV. Do Osmotically-induced Changes in 
Chlorophyll a Fluorescence and State 
Transitions Share a Common Mechanism 
in Cyanobacteria? 

Three arguments may be made for the connection 
between osmotically induced changes in the Chi a 
fluorescence of cyanobacteria and state transitions. 
First, both processes regulate the delivery of excita- 
tion from PBS to PS II and PS I holochromes; second, 
in both cases Chi a fluorescence varies between a 
high limit (F^ in state 1 cells and in hypo-osmotically 



swollen cells, and a low limit (F 2 ) in state 2 cells and 
in hyper-osmotically shrunk cells; third, the osmotic 
effects on Chi a fluorescence override state transi- 
tions effects, since the F 2 to F, transition does not 
materialize in hyper-osmotic cell suspensions, and 
since hyper-osmotic shifts depress the fluorescence 
of state 1 cells (from F, to F 2 ). 

Osmotically-induced cell volume changes occur at 
rates < 1000 s -1 (t, /2 < 1 ms ) and do not shift the redox 
poise of PSET carriers. Only water is exchanged so 
rapidly between cytoplasm and suspension, and this 
is expected to modify the concentrations of stroma 
and lumen solutes. We focus on pH changes, since 
transthylakoid ApH has been correlated to state 
transitions in cyanobacteria (Papageorgiou and Go- 
vindjee, 1968b) and red algae (Delphin et al., 1996, 
1996; Campbell et al., 1998). We start from the data 
of Peschek (1987) for light-acclimated freshwater 
Synechococcus, namely stroma pH = 7.5 (0.3 16 pM 
H + ), lumen pH = 4.6 (25 pM H + ), transthylakoid 
ApH = 2.9, and we assume a 30% contraction of cell 
volume (typical in our experiments). To estimate end 
pH and ApH values, we consider two limiting cases. 
First, stroma space and lumen spaces contract equally; 
second, only the stroma space contracts. In the first 
case, the calculated end pH values are 6.35 for the 
stroma, 4.45 for the lumen, and 1 .9 for trans-thylakoid 
ApH. In the second, stroma pH is 6.35, lumen pH4.6, 
and transthylakoid ApH 1.75. 

These calculations show that, in either case, a cell 
volume decrease will result in a smaller trans-thy- 
lakoid ApH. However, the osmotically-induced pH 
shift is not causally related to any osmotically-induced 
change in Chi a fluorescence, since such changes 
have been observed in the presence of protonophores 
(e.g., CCCP) that equalize proton concentrations 
across membranes (see Fig. 7, and Stamatakis et 
al., 1999). 

If redox changes in PSET carriers and transthyla- 
koid ApH changes are not the causes of the osmoti- 
cally-induced changes in the PBS-sensitized Chi a 
fluorescence of cyanobacteria, then what the real 
cause is? PBS transfer electronic excitation to PS II 
from the ApcE subunit of the PBS core, and to PS I 
from the ApcD subunit (Ashby and Mullineaux, 
1999). Under conditions at which the PBS-to-PS I 
excitation transfer was blocked (treatment with 
N-ethylmaleimide; Glazer et al., 1994), the Chi a 
fluorescence of state 1 cells (F[) is rendered insensi- 
tive to hyper-osmotic quenching (Stamatakis and 
Papageorgiou, 1999,2001). 
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We propose, therefore, that the ApcD-PS I site 
acts as an osmoregulated valve of excitation energy 
transfer. In hypo-osmotic conditions (in the sus- 
pension medium and in the cytoplasm), the valve 
is closed. No PBS excitation is transferred to PS I 
and more to PS II, generating, thus, the high Chi a 
fluorescence level (Fj). In hyper-osmotic conditions, 
the valve is open, and excitation transfer to PS I is 
enabled. A lower fraction of the PBS excitation ends 
up in PS II, and thus a lower level of Chi a fluores- 
cence is emitted (F 2 ). The osmoregulation of excita- 
tion transfer from PBS to PS I is not an on-and-off 
process, since the osmotically-induced changes in 
the PBS-sensitized Chi a and in the cell volume are 
linearly related (Fig. 3). Finally, the overriding effect 
of osmotically-induced changes in Chi a fluorescence 
on state transition-induced changes must be related 
to restricted PBS mobility in hyper-osmotically 
contracted cells. 



V. Conclusions 

In cyanobacteria, osmotically-induced cell volume 
changes are accompanied by changes in PBS-sen- 
sitized Chi a fluorescence. The osmotic effects on 
Chi a fluorescence are unrelated to photosynthetic 
activity (electron transport and ApH formation) but 
possibly related to osmoregulation of excitation en- 
ergy transfer from PBS (via the core ApcD subunit) 
to core PS I holochromes. The osmotically-induced 
changes of Chi a fluorescence can be used as probes 
of cell membrane properties of cyanobacteria, as they 
pertain to water and solute transport events across 
the cell membrane. 
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Summary 

Charge separation within a reaction center, whether in Photosystem I or II, can occur on a time scale of pico- 
seconds. Yet it would take much longer — 50-100 ms — between such events if a photosystem depended on only 
the 6 chlorophyll (Chi) molecules in a reaction center for direct absorption of a photon, even at full sunlight. 
An increase in the absorption bed to 1 00 Chls would reduce the time between photon capture to about 1-2 ms 
per reaction center. In fact, the number of Chi molecules in a photosystem in plants is generally several-fold 
greater. Photosynthetic organisms have the ability to increase absorption of light by assembly of light-harvest- 
ing complexes (LHCs), a major factor in the evolutionary development of efficient photosynthesis. Most of the 
Chi in green algae and plants resides in LHCs that transfer excitation energy on a pico- to nano-second time 
scale to the photosystem reaction centers that they surround. The apoproteins of these complexes, encoded 
in nuclear genes, are synthesized outside of the chloroplast and, after import into the chloroplast, reside in 
thylakoid membranes. Chi b in chlorophytes and Chi c in chromophytes play an important role in retention of 
the apoproteins in the chloroplast and subsequent assembly of the complexes. Energy transfer from Chi b to 
Chi a has been a powerful tool to monitor LHC II assembly in vivo during chloroplast development. Ultrafast 
kinetic analysis of Forster fluorescence resonance energy transfer, coupled with reconstitution of complexes with 
mutagenized proteins in which Chl-binding amino acids were replaced with non-liganding residues, identified 
the Chi species in most of the 12 sites in LHC II. In this chapter, the extensive amount of experimental data on 
LHC II accumulation in Chi b - less plants, much of it based on the use of fluorescence in experimental measure- 
ments, is summarized to provide a biological basis for evaluating the in vitro reconstitution results. Although 
the evidence supports processing of LHCP precursors before import into the chloroplast is completed, and thus 
assembly of LHC II within the inner membrane of the chloroplast envelope-a process that requires Chi and 
is facilitated by Chi b, the details of the assembly mechanism are not known. A model is proposed according 
to which assembled LHC II is transported via invagination and vesiculation of the envelope inner membrane, 
whereas unassembled LHCPs, in the absence of Chi, are directed to cytoplasmic vacuoles for degradation. 



I. Introduction 

A. Physiology of Light- Harvesting Antennae 

1. Capture of Photons in Photosynthesis 

The capacity of an organism to perform photo- 
synthesis is a function of its ability to absorb and 
convert light to chemical energy. A minimum of 
eight absorbed photons (excitons ) are required, four 

Abbreviations : CAO - chlorophyll(ide) a oxygenase; Chi -chloro- 
phyll; Chlide - une sterifiedchlorophy Hide; CP43 - chlorophyll a- 
protein complex with molecular weight of approximately 43 kDa; 
CP47 - chlorophyll a-protein complex with molecular weight of 
approximately 47 kDa; cpSRP - chloroplast signal recognition 
protein complex; DCMU - 3-(3 \4 '-dichlorophenyl)- 1,1 -di- 
methyl urea; Elip - early light- induced protein; F m - maximal 
Chi fluorescence; F 0 - initial Chi fluorescence; F v - variable 
Chi fluorescence; kD - kilodalton; Lhca - apoprotein of LHC I; 
Lhcb - apoprotein of LHC II; LHC I - light-harvesting chlo- 
rophyll tf/2>-protem complexes associated with Photosystem I; 
LHC II light-harvesting chlorophyll a/6-protein complexes 
associated with Photosystem II; LHCP - apoprotein of LHC; 
M SR -membrane spanning region; Pchlide -protochlorophyllide; 
PS I Photosystem I; PS II - Photosystem II; VIPP1 - vesicle- 
inducing protein in plastids 



by Photosystem (PS) II and four by PS I, to transfer 
four electrons from water to two molecules of NADP + , 
which results in evolution of one molecule of 0 2 . This 
theoretical minimum of 8 photons per 0 2 emerges 
when data are extrapolated to zero light intensity (Go- 
vindjee, 1999). However, the empirically observed 
minimal requirement in plants is 10 to 12 quanta for 
production of one molecule of 0 2 and fixation of one 
molecule of C0 2 (Oberhuberet ah, 1993; Chow et al., 
2000). The intensity of sunlight (about 2,000 //mol 
photons nr 2 s _1 of photosynthetically active radiation) 
is sufficiently dilute that any given chlorophyll (Chi) 
molecule absorbs, at most, only a few photons per 
second (Blankenship, 1996). 

2. Modulation of Absorptive Cross-Sectional 
Area via Integration of Peripheral Light Har- 
vesting Complexes, LHCs 

The probability that a photon will be productively 
absorbed is enhanced by increasing the number of pig- 
ment molecules associated with each photochemical 
unit, thereby increasing its absorptive cross-sectional 
area. Plants achieve this objective, to variable extents, 
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by addition of ‘peripheral’ light-harvesting complexes 
(LHCs) to core complexes. The large number of Chi 
molecules normally associated with these antennae 
dramatically increases the rate of photosynthesis, 
particularly at relatively low light intensities. Light- 
harvesting complex II (LHC II), associated with PS II, 
includes the most abundant Chi u/b binding protein 
in thylakoid membranes of plants and green algae. 
The major LHC II forms trimers (Kuhlbrandt et al., 
1994) and surrounds the dimeric core complex that 
contains the reaction centers ( Barber et al., 1 999). The 
peripheral antennae in plants contain about one-third 
of the Chi a and nearly all of the Chi h. Although it 
has been generally accepted that Chi b is restricted 
to antenna complexes, Chi b was recently detected in 
PS I core complexes from the alga Chlamydomonas 
reinhardtii (Satoh et al., 2001 ). The PS II antenna in 
a Chi />-less mutant of barley is reduced from about 
250 molecules of Chi a + b in the wild-type to about 
50 Chi a molecules in the mutant, an 80% reduction, 
whereas the antenna of PS I is reduced from 1 85 
Chi a + b to about 150 Chi a molecules (Ghirardi 
et al., 1986). Figure 1 shows the relationship of the 
rate of photosynthesis versus the light absorbed by 
a Chi b- less mutant as compared with a wild-type 
plant. Whereas a sufficiently high fluence rate should 
saturate core complexes, thereby providing equal 
photosynthetic activity regardless of the presence of 
LHCs, the intensity of sunlight is insufficient for this 
condition to be achieved. Moreover, the dramatic drop 
in net photosynthesis at relatively high light intensity 
in the Chi b- less mutant (Leverenz et al., 1992) sug- 
gested that LHCs also provide essential protection 
against photoinhibition (see Horton et al., 1996, for 
review; also Chapters 20, Golan et al.; 21, Gilmore; 
and 22, Adams and Demmig-Adams). Photoinhibi- 
tion of PS II at high light intensity suggests that 
transfer of electrons away from, rather than feeding 
excitation energy into, reaction centers becomes a 
rate-limiting step. The dramatic characteristics at 
low light intensity point to the synthesis of Chi b 
and construction of LHCs as major acquisitions for 
plants, which were achieved early in their evolution 
(Tomitani et al., 1999). 

Plant cells adapt to the intensity of light at which 
they are grown by changing the amount of LHCs 
(Melis, 1991 ). Cells grown under low light intensity 
(50 //mol photons m 2 s _1 ) have dramatically higher 
LHC content than those grown under high light (ca. 
2,000 //mol photons m 2 s *). Masuda et al. (2002) 
showed that mRNA levels for apoproteins of LHC II 




Fig. 1. Photosynthetic activity in response to absorbed light 
for wild-type barley (closed circles) and a Chi 6-less chlotina 
f 2 mutant strain (open circles) in a light-integrating sphere. The 
figure shows that the mutant was only two-thirds as capable as 
wild-type in using absorbed light. Chi content of the mutant 
was 42% of wild-type plants on a leaf surface-area basis and 
thus absorbed less than half the total light energy absorbed by 
the wild-type. Consequently, the potential for photosynthetic 
growth of the mutant, lacking LHCs, was severely reduced. 
Arrows indicate the range in photon flux density over which a 
sharp decline in photosynthesis was observed in the Chi b - less 
mutant. P, net photosynthesis (C0 2 uptake, //mol m 2 s ~ ] ) per unit 
area: I a absorbed photosynthetically active radiation (400-700 
nm, /miol photons nr 2 s '). (From Leverenz et al., 1992; used 
with permission). 

( Lhcb) and Chl(ide ) a oxygenase (CAO), the enzyme 
that synthesizes Chi b, increased several-fold when 
cells of the model alga Dunaliella salina were trans- 
ferred from high to low light intensity. R. Tanaka et 
al. (2001 ) showed by over-expression in Arabidopsis 
of CAO that this reaction controls antenna size. These 
studies suggest that antenna size is post-translation- 
ally regulated by the availability of Chi b (Masuda 
et al., 2002). 

PS I occurs as a trimer in cyanobacteria (Bibby et 
al., 2001 ; Boekema et al., 2001a) and may also exist 
as trimers in plants (Boekema et al., 2001b). In iron- 
starved cyanobacteria, PS I becomes surrounded by 
a rim composed of 18 subunits of the ‘iron-stress- 
induced’ protein IsiA, a Chl-binding protein similar 
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Fig. 2. Structural model of the intrinsic subunits within the PS II super-complex, a, b. Representations of the structural model viewed 
from the side and lumenal surface, respectively. In (c) the docking sites for the extrinsic oxygen-evolving complex subunits (17, 23 
and 33 kD polypeptides) and the trans-membrane helices of the protein subunits in the core complexes are shown at higher magnifica- 
tion. The LHC II. CP24 and CP26 structures were derived from Kiihlbrandt et al. ( 1994) and were positioned based on internal density 
distribution in the super-complex, determined by electron microscopy, and cross-linking data. (From Nield et al., 2000; used with 
permission). See Color Plate 1, Fig. 2. 



to CP43 in plants (Bibby et al., 2001 ). In plants, the 
light -harvesting antenna complex for PS I, LHC I, 
occurs as dimers ( lhalainen et al., 2000; Melkozernov 
et al., 2000), and estimates indicate that about eight 
monomers of LHC I are associated with each PS I 
complex (Boekema et al., 2001b). This chapter will 
focus primarily on LHC II. 

B. Structures of Photosynthetic Units 

PS 1 1 reaction centers are composed of Chi a -protein 
complexes (D1 [PsbA] and D2 [PsbD]), which are 
associated with Chi a-containing antennae (CP43 
[PsbC] and CP47 [PsbB]). Along with cytochrome 
h„ 9 , this assemblage comprises the PS II ‘core com- 
plex’ (Fig. 2 and Color Plate 1, Fig. 2). Whereas the 
core complex of PS I is formed with two large proteins 
( PsaA and PsaB), each of which includes an antenna 
domain and a reaction center domain within a single 
polypeptide, the core complex of PS II is composed 
of separate reaction center and antenna proteins. The 
crystal structure of dimeric PS II was determined 
at 3.8 A resolution (Zouni et al., 2001 ), while that 
of the trimeric cyanobacterial PS I was determined 
at 2.5 A resolution (Jordan et al., 2001). The PS I 
core complex contains in addition several accessory 
subunits that are involved in light-harvesting and 
transfer of energy to the reaction center ( Krauss et al ., 
1 996). The overall structures have a defined number 



of specific subunits, all encoded in the chloroplast 
genome and synthesized on chloroplast ribosomes. 
Interestingly, a deficiency in one subunit of a core 
complex usually results in an unstable unit and the 
remaining subunits fail to accumulate ( K. H. Jensen et 
al., 1 986; de Vitry et al., 1 989; Webber and Bingham, 
1998). Exceptions are the relative independence of 
CP43 (de Vitry et al., 1989; Vemiaas, 1993) and the 
selective degradation of the D1 subunit of PS II reac- 
tion centers at high light intensity and its subsequent 
replacement without significant turnover of other 
subunits (Jansen et al., 1999). 

The dimeric arrangement of the PS II core super- 
complex, with four tightly associated monomeric 
minor LHC 11s (two each of CP26 [Lhcb5] and CP29 
[Lhcb4]) and two peripheral trimeric major LHC IIs 
[apoproteins Llicbl, Lhcb2 and Lhcb3] per PS II 
dimer, was determined by cryoelectron microscopy 
(Barber etal., 1999; Hankameret al., 1999; Nield et 
al., 2000a, 2000b). Calculations based on the com- 
position of the super-complex, compared with that 
of the intact membrane (Patzlaff and Barry, 1996; 
Hankamer et al., 1997), suggest that three or four 
additional trimeric peripheral LHCs are associated 
with each reaction center. The structure of the super- 
complex reveals the path of energy flow upon capture 
of photons, from the peripheral antennae to reaction 
centers via the minor LHC IIs, CP43, and the more 
tightly associated CP47 (Fig. 2). CP43 and CP47 
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each has six membrane-spanning regions and about 
15 bound Chi a molecules (Barber et al., 2000). 

LHC apoproteins (LHCPs) are encoded by nuclear 
genes (major forms, Lhcbl to Lhcb6 and Lhcal to 
Lhca4 for antennae of PS II and PS I, respectively) 
(Jansson, 1994, 1999). The Arabidopsis genome 
contains a total of 26 genes in this family, 18 Lhcb 
and 8 Lhca types (The Arabidopsis Genome Initia- 
tive, 2000). The major LHC apoproteins (Lhcbl, 2 
and 3) bind 12 to 14 Chi molecules, generally 7 or 
8 Chi a and 5 or 6 Chi b with a Chi a/b ratio of 1.2 
to 1 .4, and 2 or 3 xanthophylls, predominately lutein 
with a lesser amount of neoxanthin and violaxanthin 
(Kuhlbrandtetal., 1994; Connelly etal., 1997; Ruban 
etal., 1999; see also note added in proof). The binding 
sites for xanthophylls during reconstitution of LHCs 
were reported by Croce etal. (1999) and Phillip et al . 
(2002). A major advance in studies on LHC II was the 
resolution of the overall structure of the monomeric 
complex and the positions, but not the identity, of 
the Chi molecules by electron crystallography (Kuh- 
lbrandt et al., 1 994). The folded apoprotein has three 
membrane-spanning regions. Essentially all the light 
energy absorbed by the antenna is trapped through 
connection of LHCs to core complexes. Although 
an increase in non-photochemical quenching, i.e., 
thermal dissipation of excessive energy absorbed at 
high light intensities, is correlated during chloroplast 
development with the increase in Clil b and thus 
LHCs (Chow et al., 2000), this mechanism requires 
another Chi-binding protein, PsbS (Li et al., 2000). 
Antenna complexes that are not connected to reac- 
tion centers are nearly as fluorescent as free Chi in 
solution (Hoober et al., 1994; White et al., 1996). 
Measurements indicate that few, if any, unconnected 
LHC II exist in thylakoid membranes (Hoober et al., 
1994; White and Hoober, 1994). 



II. Biological Context for Considering 
LHC II Assembly 

A. Use of Fluorescence to Analyze Thylakoid 
Biogenesis 

Discussions concerning the assembly of complexes 
should consider, in addition to synthesis of individual 
subunits, also the coordination of production of sub- 
units and cofactors, routing of polypeptides to their 
functional locations, and interaction of units to form 
multimeric structures. Apoproteins of LHC II are 



synthesized on cytosolic ribosomes as hydrophilic 
precursors, then imported into the chloroplast through 
translocons in the chloroplast envelope (Kouranov 
et al., 1998; Soil and Tien, 1998; Schleiff and Soil, 
2000) and eventually reside in the lipid bilayer of 
thylakoid membranes as lipophilic, carotenoid- and 
Chi-containing complexes. Herrin et al. (1992) 
demonstrated with mutant strains of C. reinhardtii 
that accumulation of LHCPs does not occur in vivo 
in the absence of xanthophylls or Chi, even though 
mRNA levels for these proteins are unaffected. 
Plumley and Schmidt (1995) further showed that 
LHC II assembly required a direct interrelationship 
between synthesis of LHCPs, Chi and xanthophylls. 
Subsequent association of LHC II with PS II, and 
the resultant trapping of absorbed energy, offers the 
opportunity to use Chi a fluorescence as a reporter 
of the biogenesis of photosynthetic units. Thus LHC 
assembly is an excellent probe to analyze formation 
of pigment-protein complexes and development of 
photosynthetic activity. 

1. Fluorescence as a Marker for Screening 
Mutants 

A class of mutant plants was isolated by Miles (1980) 
that exhibited high Chi fluorescence (designated 
hcf mutants). Because of a defect in photosynthetic 
energy transduction, fluorescence of PS II remains 
at peak levels when these mutants are exposed to 
actinic light, and no decline to a low steady-state 
level — the result of electron transport from PS II 
through PS I — is observed. This phenotype has been 
very useful in screening for mutations in the biogen- 
esis or function of the photosynthetic apparatus. One 
group of such mutants of maize is deficient in PS I 
polypeptides. Some mutants lack specific peripheral 
PS I polypetides (PsaC, PsaD and PsaE in hcf44), 
whereas others, such as hcf 47, have reduced levels 
of multiple chloroplast-encoded PS I and PS II poly- 
peptides (Heck et al., 1999) and may result from a 
defect in chloroplast RNA processing (Barkan et al., 
1986). The hcf) 06 mutant is deficient in many of the 
polypeptides of the photosynthetic apparatus but still 
retains LHCs and the thylakoid-bound ATP synthase. 
This mutant strain lacks a protein component of the 
ApH pathway for translocation of proteins across 
thylakoid membranes into the lumen (Settles et al., 
1997 ) and is phenotypically similar to the tha 1 mutant 
that is deficient in the SecA-dependent pathway of 
protein translocation across thylakoid membranes 
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(Voelker and Barkan, 1995). Additional hcf mutants 
have been found in Arabidopsis that are defective in 
membrane biogenesis. The hcf\ 55 mutant is deficient 
in a protein required for vesicle formation within the 
chloroplast (Kroll et al., 2001) and is discussed in 
more detail in section 11. B. 2. b. It is evident from 
these few examples that the extensive number of 
hcf mutant strains provides a unique opportunity 
to analyze photosynthetic processes and biogenesis 
of thylakoid membranes (see Heck et al., 1999, for 
additional references). 

Meskauskiene et al. (2001) described develop- 
ment of a fluorescence screen to obtain mutants of 
Arabidopsis that are defective in regulation of Chi 
synthesis. These mutants synthesize several-fold more 
5-aminolevulinate and protochlorophyll ide (Pchlide) 
in the dark than the wild-type parental strain. Free 
Pchlide was detected as increased fluorescence when 
plants grown in darkness were exposed to blue light. 
A putative regulatory gene, FLU , was identified that 
may selectively affect the Mg 2+ branch of tetrapyrrole 
biosynthesis. 

2. Fluorescence as an Indicator of Assembly 
of Photosynthetic Complexes 

Non-invasive fluorescence techniques, applicable 
to in vivo systems, have been central to studies of 
assembly of light-harvesting and core complexes. 
Fluorescence resonance energy transfer from Chi b 
to Chi a in LHCs provides a powerful assay for as- 
sembly of LHC II. For discussions on energy transfer 
see Chapter 4, Clegg; Chapter 5, van Grondelle and 
Gobets; and Chapter 7, Mimuro. These analyses are 
based on the Forster mechanism of energy transfer 
(E), which is highly dependent on mutual orientation 
and the distance (R) separating chromophores with 
overlapping spectra (E is proportional to 1/R 6 ; van 
Grondelle and Amesz, 1986; Gadella et al., 1999). 
This distance must be less than 1 00 A ( Wu and Brand, 
1994), but the high efficiency of transfer between 
Chls observed within LHCs indicates much closer 
proximity of the Chls, with Forster radii (R) in the 
range of 4 to 10 A. The Q y transition dipole moment 
of Chi b molecules, which has an absorbance maxi- 
mum in the range of 640 to 655 nm, depending on 
the environment, is at a higher energy level than the 
Q y transition dipole moment of Chi a, with absor- 
bance maxima in the range of 665 to 680 nm. Thus, 
efficient, essentially quantitative, down-hill energy 
transfer from Chi b to Chi a is allowed within the 



complexes. Accumulation of LHC II during develop- 
ment of chloroplasts was monitored continuously in 
live cells by introducing 650 nm light, a wavelength 
that promotes Chi synthesis by photoreduction of 
protochlorophyllide (Pchlide) and is also absorbed by 
Chi b (White et al., 1996). Assembly of the complex 
was followed by emission of light of 680 nm from 
Chi a as the two Chls became sufficiently close for 
energy transfer. When energy flow through PS 11 was 
blocked, either by inhibiting electron flow to Q B with 
3-(3 ',4 '-dichlorophenyl)- 1 , 1 -dimethyl urea (DCMU) 
or by inhibiting of synthesis of reaction center proteins 
on chloroplast ribosomes with chloramphenicol, light 
absorbed by LHC II was emitted as fluorescence (Fig. 
3). Analysis of accumulation of Chi a and Chi b in 
C. reinha rdtii y 1 cells showed that both Chls were 
synthesized at nearly linear rates, with no lag, dur- 
ing greening at 38 °C (Maloney et al., 1989). These 
cells are deficient in a nuclear-encoded factor that is 
required for expression of the chlL gene involved in 
light-independent Chi synthesis in the chloroplast 




Fig. 3. Analysis by fluorescence of the increase in LHC II during 
greening of C. reinhardtii. Degreened cells, grown in the dark 
for 4 days, were incubated for 1 hr at 38 °C and then exposed to 
650 nm light in a spcctrofluori meter. The 650 nm light initiated 
light-dependent Chi synthesis and also was absorbed primarily 
by Chi b. Fluorescence emission from Chi a was monitored at 
680 nm. At time 0, DCMU was added to 10 /*M to sample 2 to 
block electron flow from PS II. The rise in fluorescence inten- 
sity marked the increase in LHC II. In the absence of DCMU 
(sample 1 ), energy absorbed by newly assembled LHC II was 
trapped by photosynthetic reactions. The experimental protocol 
was described in White et al. (1996). 
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(Cahoon and Timko, 2000). The algal system thus 
provides the opportunity to examine initial greening 
within the first few minutes of exposure to light. The 
kinetics of greening of etiolated seedlings of higher 
plants in continuous light and the time of appearance 
of Chi b and LHCP depended on their age, with no 
lag in Chi synthesis observed in very young plants. 
Duration of the lag increased to 2 h or more as etio- 
lated plants aged prior to exposure to continuous light 
(G. Akoyunoglou and Argyroudi- Akoyunoglou, 1969; 
Ohaslii et al., 1989; Sigrist and Staehelin, 1994). 

The kinetics of accumulation of LHC II in vivo, 
monitored continuously by energy transfer during 
greening of C. reinhardtii cells treated with DCMU, 
indicated that the rate of assembly is very rapid, oc- 
curring within the time required for synthesis of an 
apoprotein molecule (Fig. 3). Moreover, the nearly 
complete quenching of fluorescence of newly assem- 
bled LHC II in untreated cells indicated that absorbed 
energy was trapped by a functional energy transduc- 
tion system within the first minute after initiation of 
illumination (White and Hoober, 1994; White et al., 
1996). Analysis of fluorescence induction kinetics 
with the alga revealed that a typical Kautsky pattern 
emerged only after several hours of greening (White 
and Hoober, 1994). (See reviews by Govindjee, 1995, 
and by Lazar, 1999 on the Kautsky phenomenon.) 
These results suggested that segregation of PS I and 
PS II, required for the Kautsky -type fluorescence in- 
duction pattern (Postetal., 1 993; Trissl and Wilhelm, 
1993), did not occur in the developing chloroplast 
until a sufficient amount of membrane had formed 
to achieve stacking into grana. In early stages of 
development, thylakoids existed as undifferentiated, 
individual vesicles. 

Chlorophyll fluorescence induction kinetics have 
also been an excellent probe of PS II heterogeneity 
and intersystem interaction in greening etioplasts of 
higher plants (G. Akoyunoglou, 1977; Melis and G. 
Akoyunoglou, 1977; G. Akoyunoglou and Argyroudi - 
Akoyunoglou, 1986a). Because the rate of the initial 
rise in the fluorescence induction curve in the pres- 
ence of DCMU represents the rate at which Q A is 
reduced, which reflects the rate at which energy of 
absorbed photons reaches the reaction center, such 
measurements have been used as an indication of the 
number of LHCs per PS II and the efficiency of light 
utilization. In some studies, the initial stage of green- 
ing was prolonged by exposing etiolated tissue to 
intermittent light-dark cycles (consisting of 2 min of 
light separated by 98 minof darkness), conditions that 



generate ‘protochloroplasts,’ i.e., plastids at an inter- 
mediate stage of development from etioplast to chlo- 
roplast (see section II.B. 1 , below). Protochloroplasts 
contain fully developed, active PS I and PS II units 
and exhibit high C0 2 fixation rates per Chi a but lack 
Chi b, LHC II and grana (Argyroudi-Akoyunoglou 
and G. Akoyunoglou, 1970, 1979; G. Akoyunoglou, 
1977). In contrast to mature chloroplasts, which in 
cation-rich media showed the characteristic sigmoidal 
shape of fluorescence induction, attributed to PS II 
unit-unit interaction, the Chi a fluorescence rise upon 
illumination of dark-adapted protochloroplasts was 
exponential. The induction curve became sigmoidal 
as greening proceeded, which was evidence for the 
gradual connection, or grouping, of PS II units and 
development of energy transfer between units. This 
effect was enhanced when plants exposed to 48 h of 
intermittent light were transferred to continuous light 
(Srivastavaet al., 1999). The half-rise time of fluores- 
cence induction in the presence or absence of DC MU 
was seven times longer in protochloroplasts than in 
mature green chloroplasts, and remained constant in 
periodic light, indicating that during the early stages 
of greening, the small, similar-sized PS II units that 
formed first were devoid of light-harvesting anten- 
nae. The lower F 0 level (the initial fluorescence) and 
the higher F v /F m (variable to maximal fluorescence) 
ratio of these plastids further suggested that the first 
Chi a molecules made were organized into func- 
tional reaction centers. A high trapping probability 
(K p ) of excitation energy by reaction centers under 
these conditions indicated a high yield of primary 
photochemistry. 

Soon after transfer of plants from intermittent light 
to continuous light, a five-fold increase in the rate 
of the fluorescence rise was observed. The higher 
rate of Chi synthesis allowed a rapid increase in 
the absorptive cross-section of the PS II units, in 
parallel with the appearance of Chi b, LHC II and 
grana. The differentiation of PS II units into effective 
PS Ila centers and less effective PS 11(3 centers was 
evidence that, irrespective of the mode of greening 
(exposure of etiolated tissue to periodic or continu- 
ous light), both types of PS II centers, as monitored 
by the photochemical rate constants, K a or Kp , were 
present in thylakoids and that PS II heterogeneity 
was an endogenous property of the membrane (Melis 
and Akoyunoglou, 1977). Interestingly, fluorescence 
yields at very short times (50 us) from pea leaves, 
measured as a function of the number of saturating 
pre-flashes, showed the same periodicity of 4 flashes 
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Fig. 4. Low temperature (77K.) emission spectra of etiolated pea plants and after exposure to intermittent light followed by continuous 
light. Sample 1 was exposed to 24 h of intermittent light, whereas the remainder were exposed to 48 h pre-treatment with intermittent 
light prior to (2) 0. (3) 1. (4) 2. (5) 4. (6) 6. (7) 8, and (8) 48 h of continuous light. Dark-adapted leaves were exposed to 633 nm light, 
which is absorbed primarily by Chi b. The spectra were normalized at 687 nm (A) or plotted on an equal area basis and staggered for 
clarity (B). The increase in the 732 nm peak tracks the accumulation of LHC I. In panel A, spectrum A was obtained with an etiolated 
leaf and spectrum B from an etiolated leaf exposed briefly to green light to pliotoreduce Pchlide to Chlide a. (From Srivastava et al., 
1999; used with permission.) 



as seen with oxygen evolution (Srivastava et al., 
1999). 

Figure 4 summarizes low temperature ( 77K ) fluo- 
rescence spectral changes in leaves when etiolated 
pea plants were exposed to intermittent irradiation 
and then transferred to continuous light (Srivastava 
et al., 1999). Core complexes were formed during 
intermittent radiation, as indicated by emission at 
685 nm (CP43) and 695 nm (CP47) from PS II and 
720 nm from the PS 1 core. Continuous irradiation 
was required for assembly of light-harvesting com- 
plexes. which caused the large increase in emission 
at 732 nm (LHC I). 

B. Assembly of LHC II 

1. Ultrastructural Changes During Chloroplast 
Development 

In most plants, growth of seedlings in the dark leads 
to etioplasts containing an elaborate membranous 
prolamellar body, composed largely of galactosyl- 
diacylglycerol and the ternary complex of Pchlide 
reductase with its two substrates, NADPH and Pchlide 
(Selstamand Sandelius. 1984; RybergandSundqvist, 
1988). Upon exposure to light, Pchlide in the com- 
plex is reduced to Chlide a and then esterified with 



geranylgeranyl diphosphate. Three double bonds in 
the geranylgeraniol moiety are reduced in successive 
steps to the mature, phytol-containing Chi a ( Shioi and 
Sasa, 1983; Soli et al., 1983; Maloney et al., 1989). 
Rudimentary membranes, formed by dispersion of the 
prolamellar bodies, provide the matrix for the initial 
insertion of photosynthetic unit cores assembled with 
Chi a (Henningsen and Boynton, 1970. 1974; Liitz. 
1981 ). Protochloroplasts are a striking intermediate 
stage of development, as described in the previous 
section, in which prolamellar bodies are replaced 
with non-appressed. ‘primary’ thylakoids during 
intermittent illumination (Fig. 5). These membranes 
contain Chi a associated with photosystem core pro- 
teins but lack grana (Argyroudi-Akoyunoglou and G. 
Akoyunoglou, 1970; Argyroudi-Akoyunoglou et al., 
1 976; G.Akoyunoglou and Argyroudi-Akoyunoglou, 
1978). Transfer of these plants to continuous light 
resulted in synthesis of new Chi a, appearance of 
Chi h, and differentiation of thylakoids into stromal 
lamellae and granal stacks (Argyroudi-Akoyunoglou 
et al., 1976). 

In strains of algae that are unable to reduce Pchlide 
in the dark, loss of thylakoid membranes through 
dilution during growth in the dark is not accompa- 
nied by generation of prolamellar bodies. The initial 
stage of chloroplast development does not include 
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Fig. 5. Electron micrograph of a protochloroplast in a bean seedling exposed to 100 cycles of intermittent light (2 min light plus 98 min 
darkness per cycle). Thylakoid membranes lacked Chi b, were deficient in LHCs and did not form grana. (Micrograph supplied by J. 
II. Aigyroudi-Akoyunoglou). 



‘prothylakoid' membranes found in etioplasts and 
is more analogous to initiation from a proplastid 
stage. Electron microscopy of rapidly greening C. 
reinhardtii vl cells showed an extensive, light-in- 
duced invagination of the inner membrane of the 
chloroplast envelope and generation of an extensive 
population of small vesicles (Hoober et al., 1991). 
Invaginations of the inner membrane of the envelope 
were also detected in cryofixed light-grown algal 
cells (Park et al.. 1999). Invagination and vesicula- 
tion of the envelope inner membrane was observed 
in developing chloroplasts of higher plants (Carde 
et al., 1982; Whatley et al., 1982), and membrane 
flow from envelope to thylakoid in chloroplasts in 
a variety of plant species was dramatically dem- 
onstrated by accumulation of vesicles adjacent to 
the inner membrane, with frequent invaginations of 
the inner membrane, when fusion of vesicles with 
thylakoid membranes was reduced by lowering the 
temperature to 12 to 15°C (Morreetal., 1991). The 
vesicles disappeared as chloroplast development was 
allowed to proceed after the temperature was raised 
to 25 °C. These data show clearly that membrane 
material emerges from the inner membrane during 
chloroplast development and is transferred to thyla- 
koid membranes as vesicles, as summarized by von 
Wettstein (2001 ). In a sense, this system conforms 
to the concept that the two universal constituents of 
cells, chromosomes and membranes, never form de 
novo (Cavalier-Smith, 2000). 

2. Site(s) of Assembly of LHC II 

Chloroplast development in general, and thylakoid 



biogenesis in particular, lias been studied extensively 
over the past several decades, yet conflicting con- 
clusions have been drawn in regard to the site(s) of 
assembly of LHC II. the PS II super-complex, and 
thylakoid membranes, and whether the primary site 
changes as development of the chloroplast proceeds. 
Satisfactory resolution of this question would provide 
in large part a biological context in which to consider 
the mechanism of assembly of LHCs. In the absence 
of complete answers, two models have been proposed, 
which are not necessarily mutually exclusive. One 
model suggests that the thylakoid membrane itself is 
the site of assembly and expands as individual proteins 
and pigments are added (Keegstra and Cline, 1999). 
An alternate model suggests that the primary site of 
assembly of photosynthetic units, at least during the 
initial stage of chloroplast development, is the inner 
membrane of the envelope (Hoober and Eggink, 
1999). Assembly of LHCs provide a useful probe 
for analysis of thylakoid biogenesis, because the 
apoproteins are the major proteins of the membrane, 
are synthesized outside of the chloroplast, and bind 
pigments made inside the chloroplast. Association 
with reaction centers, also made inside the chloro- 
plast, and the resulting energy trapping can be easily 
monitored by fluorescence. 

a. Thylakoid Membranes 

In models that propose thylakoid membranes as the 
site of super-complex assembly, membrane proteins 
made in the cytosol ( for example, LHC Ps ) traverse the 
chloroplast envelope completely into the chloroplast 
stroma and exist as soluble, ‘transit complex ’ interme- 



688 



J. Kenneth Hoober and Joan H. Argyroudi-Akoyunoglou 



diates with stromal proteins prior to integration into 
the membrane (Cline and Henry, 1996; Keegstra and 
Cline, 1999). This model is based on the observation 
that small amounts of LHCP were recovered in the 
stromal fraction when the precursor of this protein 
was imported into purified pea chloroplasts (Reed et 
al., 1990). The stromal proteins, required for direct 
insertion of Lhcb 1 into thylakoid membranes in vitro 
(Kuttkat et al., 1995; X. Li et al., 1995), were found 
to be components of the chloroplast signal recogni- 
tion particle (cpSRP; Schuenemann et al., 1998). 
Formation of the transit complex was achieved with 
a dimer of the 43-kD subunit of cpSRP, whereas 
membrane insertion of Lhcbl required in addition 
the 54-kD subunit of cpSRP; a stromal cpSRP recep- 
tor, cpFtsY; and a membrane component identified 
as Alb3 (Moore et al., 2000). Alb3.1 is the product 
of the ac29 locus in Chiamydomonas, which, when 
mutated, diminishes amounts of Lhca and Lhcb to 
less than 10% and Chi to about 30% of wild-type 
levels. PS II is also reduced in amount, particularly 
in cells grown in the dark (Bellafiore et al., 2002). 
Elegant use of the yeast two-hybrid system and in vitro 
binding assays showed that an N-terminal ankyrin 
domain of cpSRP43 associates with an 18 -amino acid 
sequence in the loop region between the second and 
third membrane-spanning region in Lhcbl, while a 
C-terminal domain of cpSRP43 binds cpSRP54 (Tu 
et al., 2000; Jonas-Straube et al., 2001). 

Detailed studies of integration into thylakoid 
membranes in vitro led to the conclusion that stromal 
proteins assist in the insertion of the C-terminal por- 
tionof Lhcbl (Kosemundet al., 2000), which supports 
this interaction. However, no integration into the 
membrane occurred in the absence of Chi or their Zn- 
pheophytin derivatives. Etioplast membranes could 
be rendered competent by adding Zn-pheophytin b, 
which was more effective than the Zn-containing 
analogue of Chi a (Kuttkat et al., 1997). Insertion 
of the homologous early light-induced proteins 
(Elips) into thylakoid membranes occurred without 
cpSRP (Kim et al., 1999) but still required Chi a for 
insertion into etioplast membranes (Adamska et al., 
2001). PsbS, another protein related to LHCP that 
binds Chi a but little if any Chi b (Funk et al., 1 995a), 
was also inserted into thylakoid membranes in the 
absence of cpSRP (Kim et al., 1999) and was stable 
in membranes without pigment (Funk et al., 1 995b). 
How these homologues of LHCP enter membranes 
without cpSRP is not known. 

Although cpSRP43 and cpSRP54 are required for 



insertion of LHCP into thylakoids in vitro, mutants 
of Arabidopsis that lack the activity of either one of 
these proteins accumulated nearly normal amounts 
of LHC II, albeit more slowly (Pilgrim et al., 1998; 
Aminet al., 1999; Klimyuk et al., 1999). In contrast, 
accumulation of chloroplast-synthesized proteins in 
thylakoid membranes of these mutants was reduced 
to below 10% of wild-type levels, which suggests 
an important role of cpSRP in insertion into the 
membrane of proteins synthesized on chloroplast ri- 
bosomes. Such a role for cpSRP 54 was demonstrated 
for co-translational integration of the protein D 1 into 
reaction centers in thylakoid membranes (Nilsson 
et al., 1999; Zhang et al., 2000). The association of 
cp SRP54 with nascent membrane proteins, still bound 
to stroma ribosomes, clearly indicated its ‘signal rec- 
ognition’ function. A variety of small, hydrophobic 
polypeptides are encoded in the chloroplast genome 
that fiinction in assembly of photosynthetic complexes 
in thylakoid membranes (Takahashi, 1998). Lack of 
correct insertion of these subunits in the absence of 
cpSRP may have pleiotrophic effects on assembly 
of LHCs and other complexes. For example, knock- 
out mutations of the ycf9 gene in the chloroplast of 
tobacco, which encodes a polypeptide of 62 amino 
acids, dramatically reduced the amount of a minor 
LHC II (CP26) in thylakoid membranes (Ruf et al., 
2000). This small polypeptide, designated PsbZ, 
is a subunit of PS II and essential for association 
of LHC II to the PS II core complex and strongly 
regulates phosphorylation of LHCP and the reaction 
center protein D 1 (Swiatek et al., 200 1 ). Chloroplast 
development was severely attenuated in mutants of 
Arabidopsis that lacked the membrane protein, ALB3 
(Sundberg et al., 1997), which suggested that this 
protein plays a general, rather than specific, role in 
thylakoid biogenesis. 

Hutin et al. (2002) published results with a 
double mutant of Arabidopsis that is deficient in 
both cpSRP43 and cpSRP54. This strain has pale 
yellow leaves, drastically reduced levels of Chi and 
carotenoids, and contains poorly developed chloro- 
plasts. Hutin et al. (2002) conclude that cpSRP is the 
exclusive targeting pathway for insertion of LHCPs 
into thylakoid membranes. Interestingly, the double 
mutant is not deficient in Lhcb4 and contains sub- 
stantial amounts of Lhcbl (the apoprotein that was 
used to show the requirement of cpSRP for membrane 
insertion in vitro ) and Lhcb6. In contrast, these three 
apoproteins are severely reduced in amount in mutants 
that lack Chi b (see section III.A.l). Moreover, the 
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cpSRP-minus strain also lacks the stress proteins 
Elips, which in vitro do not require cpSRP for inser- 
tion (Kim et al., 1999). 

A question left unresolved by these studies is the 
precise fate of LHCPs after synthesis in vivo and 
whether the reduced levels of LHCPs are the direct 
result of the reduction in cpSRP or of the dramatic 
deficiency in Chi. The number of LHCP molecules 
detected in the soluble fraction of purified, partially 
developed pea chloroplasts after import of the pre- 
cursor (Cline et al., 1989; Reed et al., 1990) was 
very small (usually less than 100 per chloroplast) as 
compared with precursors of stromal proteins. Puri- 
fied chromoplasts, which contain low amounts of 
thylakoid membranes, also imported a small amount 
of LHCP into the stroma (Summer and Cline, 1999). 
Because Chi is essential for insertion of LHCPs into 
membranes (Kuttkat et al., 1997), accumulation of 
LHCP in the stromal fraction in these experiments 
may result from the fact that isolated chloroplasts 
synthesize very little, if any, Chi in vitro, and chro- 
moplasts have a very low amount of residual Chi. 
Moreover, if a soluble form of LHCP is a functional 
intermediate, more LHCP should accumulate in the 
stromal fraction when import assays are done in the 
dark-when Chi is not made-than in the light. The 
opposite is usually the case. A soluble fraction of 
imported LHCP has not been reported with chloro- 
plasts from plants other than pea (Chitnis et al. , 1 986; 
Kohorn et al., 1986; Klimyuk et al., 1999). 

The mutant strains of Arabidopsis that are defi- 
cient in cpSRP would be excellent in vivo systems 
to test this issue. Whereas the predicted defect in 
the mutants is less insertion of these proteins into 
thylakoid membranes, the consequence should be an 
accumulation of LHCP in the stroma. However, the 
severe deficiency in Chi may preclude the proteins 
from entering the chloroplast. The rate of LHCP 
import into purified chloroplasts is much lower than 
the calculated in vivo rate, and also much lower 
than the rate of import of abundant soluble chlo- 
roplast proteins. Thus it is possible that the in vitro 
rate reflects a low-level, constitutive, maintenance 
process that does not require substantial amounts of 
Chi synthesis in mature chloroplasts. Two different 
mechanisms may operate for import of LHCP, perhaps 
analogous to import of Pchlide reductase, for which 
one pathway typical of the general system imports 
Pchlide reductase B whereas the second may require 
Pchlide for import of Pchlide reductase A (Reinbothe 
et al., 2000). However, this issue has been clouded 



by contradictory evidence that suggests that import 
of Pchlide reductase A also does not require Pchlide 
(Dahlin et al., 2000; Aronsson et al., 2000 ), and thus 
the characteristics of alternate import pathways, if 
they exist, remains to be clarified. 

b. The Inner Envelope Membrane 

The envelope is the major source of thylakoid lipids 
(Ohlrogge and Browse, 1995; Rawyler et al., 1995; 
Joyard et al., 1998; Rantfors et al., 2000) and also 
the location of the latter steps in Clilide a synthesis 
(Matringe et al., 1992; Reinbothe and Reinbothe, 
1996; Joyard et al., 1998; Timko, 1998; Manohara 
and Tripathy, 2000). Mutants defective in synthesis of 
galactolipid, the major lipid of thylakoid membranes, 
are severely stunted as the result of the inability to 
produce sufficient thylakoid membranes for growth 
(Dormann et al., 1 999). The quantity of lipid required 
for membrane expansion suggests that bulk flow 
of membrane material from envelope to thylakoid 
membranes should occur in the form of small vesicles 
( Anderssonet al., 200 1). LHCPs were detected by im- 
munoelectron microscopy initially along the envelope 
inner membrane of the developing chloroplast in C. 
reitihardtii y\ (White et al., 1996), i.e., sites where 
light-induced invaginations of the membrane and 
vesicles were observed by conventional transmission 
electron microscopy (Hoober et al., 1991). LHCPs 
were also restricted to the envelope when Chi synthe- 
si s and chloroplast protein synthesis were suppressed 
with chloramphenicol (Eggink et al., 200 1). As found 
with higher plants (Morre et al . , 1 99 1 ; von Wettstein, 
2001), small vesicles generated from the envelope 
apparently fused to form thylakoids . Transfer of lipid 
from envelope to thylakoids required stromal proteins, 
ATP, GTP and acyl-CoA (Rantfors et al., 2000). 

This model is supported by recently described 
mutants of Arabidopsis. A nuclear gene, required 
for thylakoid membrane formation, encodes a pro- 
tein designated vesicle-inducing protein in plastids 
(VIPP1) that induces vesicle formation from the 
chloroplast envelope (Kroll et al., 2001). A homo- 
logue of the Arabidopsis VIPP1 protein is located 
on the plasma membrane in the cyanobacterium 
Synechocystis and is required for thylakoid formation 
(Westphal et al., 2001a). Evidence for early steps in 
assembly of functional reaction centers in the plasma 
membrane of Synechocystis was obtained by Zak et 
al. (2001). In particular, the protease required for 
C-terminal processing of protein D1 is localized on 
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the plasma membrane, presumably with its active 
site in the periplasm of these Gram-negative cells. 
These data led to a model for assembly of the pho- 
tosystems in the cyanobacterial plasma membrane 
rather than in thylakoid membranes. However, this 
model has not been verified by the predicted precur- 
sor-product relationship between D1 in the plasma 
membrane andthylakoids that should be obtained by 
a pulse-chase experiment with the cyanobacterium. 
Another mutant of Arabidopsis lacks a homologue 
of dynamin, a protein required for vesiculation of 
membranes in endocytosis in mammalian cells 
(Simpson et ah, 1999) and division of mitochondria 
in yeast (Erickson, 2000). In its absence, the mutant 
plant is unable to develop normal levels of thylakoid 
membranes (J. M. Park et al., 1998). It was proposed 
that the dynamin-like protein is involved in sever- 
ing the neck of invaginations of the envelope inner 
membrane to form vesicles. The presence of another 
protein found in chloroplasts, which is related to the 
N-ethylmaleimide-sensitive factor required in yeast 
for vesicle fusion (Hugugeny et ah, 1995), suggests 
that a complete vesicle trafficking system exists for 
transfer of membrane domains in the imier envelope 
membrane to thylakoid membranes, as occurs in other 
systems that require vesicle transport (McNew et ah, 
2000). Results obtained by application of specific 
inhibitors of vesicle traffic to isolated chloroplasts 
strongly support a vesicle transport system within 
the organelle (Westphal et ah, 2001b). 

Evidence for biogenesis of thylakoid membranes 
as an expansion of the chloroplast envelope is con- 
sistent with the kinetics of LHC II assembly (Fig. 3). 
A simple model that proposes some events in LHC II 
assembly is shown in Fig. 6, in which the first mem- 
brane-spanning region (MSR1) of LHCP initially 
engages the translocon in the chloroplast envelope. 
Further progress of LHCP through the envelope is 
arrested by interaction with Chi. Sufficient transfer 
occurs across the envelope, however, for removal of 
the transit sequence from the N-terminus, although 
most of the protein remains in the cytosol. MSR2 
most likely serves as an internal targeting sequence, 
typical of insertion of poly topic membrane proteins 
(Auchincloss et al., 1992; von Heijne, 1994; Stuart 
and Neupert, 1996). Expression of a Lhcb gene in 
Escherichia coli resulted in association of the pro- 
tein with, rather than transfer through, the bacterial 
cell membrane (Kohorn and Auchincloss, 1991). In 
contrast, RbcS, which in chloroplasts functions in the 
stroma, was transported across the cell membrane and 



recovered in the periplasmic space when expressed in 
E. coli (Liuetal., 2000 ). By analogy, suchresults lend 
doubt to the conclusion that a substantial amount of 
LHCP is normally transported completely across the 
envelope into the stroma. A process as biologically 
important as LHC II assembly probably has an exten- 
sive number of accessory proteins on both sides of the 
envelope to assist folding. An interaction of cpSRP 
with the loop domain between MSR2 and MSR3 on 
the stromal side of the envelope inner membrane may 
ensure correct integration of the C-terminal domains 
of LHCP into the membrane during the assembly 
process. When normal integration of LHCP into 
chloroplast membranes does not occur, the protein 
accumulates outside of the chloroplast in vacuoles 
(Park and Hoober, 1997). This consequence strongly 
implies that assembly of LHC II must occur in the 
envelope to retain the protein in the chloroplast. 

Membrane proteins made by chloroplast ribosomes, 
such as the apoproteins of the core complexes, are 
inserted co-translationally into membrane (Zhang et 
al., 2000). The immediate quenching of LHC II fluo- 
rescence during rapid greening of C. reinhardtii cells 
(Fig. 3) suggests that a functional electron transport 
system was also assembled at the site where LHC II 
was assembled (White etal., 1996). Mutations in the 
signal sequence of cytochrome /inhibited accumula- 
tion of LHCP (Smith and Kohorn, 1994), which is 
direct evidence for insertion of these two proteins at 
the same site. A possible explanation for this effect is 
generation of a Chi-binding motif in the cytochrome 
/ precursor as the result of mutation that competed 
with LHCPs for Chi (Hoober and Eggink, 1999). 



III. The Role of Chlorophyll (Chi) b 

A. Appearance of Chi b During Chloroplast 
Development 

1. Chi b-less Mutant Plants 

Paradigms that originate from incomplete experi- 
mental data are often difficult to change. Observa- 
tions with in vivo or in vitro systems also tend to 
become compartmentalized, which decreases the 
opportunities to combine data from both systems 
to address specific questions. Examples are found 
in concepts related to the role of Chi b. The chlo- 
rina fl mutant of barley is unable to make Chi b, 
and consequently several species of LHCP do not 
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Fig. 6. Model of LHC II assembly in the chloroplast envelope and the proposed role of Oil b and chlorophyllide a oxygenase (CAO). 
After synthesis in the cytosol, LHCP precursors are imported sufficiently for the transit sequence to be removed and the first retention 
motif to engage the inner membrane. We propose that association of ligands in the first membrane-spanning region, including the first 
retention motif, in the protein with Chl(ide) a and subsequent conversion to Chl(ide) b by CAO holds the protein in the membrane and 
allows the second motif to subsequently be inserted into the membrane for completion of folding. When CAO activity is absent, some 
LHCPs are not held sufficiently strongly in the membrane by Chl(ide) a. and cytosolic chaperones apparently cause these proteins to 
slip back into the cytosol or be transferred to vacuoles for degradation. (From Hooberand Eggink. 2001). 
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accumulate (Thornber and Highkin, 1974; Preiss 
andThornber, 1995). In the mutant, Lhcbl, Lhcb4, 
Lhcb6 and Lhca4 are absent or markedly reduced 
in amount in leaves (Krol et al., 1995; Bossmann et 
al., 1997, 1999). The Chi /;- less chl-3 null mutant of 
Arabidopsis lacks all six Lhcb species (Espineda et 
al., 1999). Without the major LHCs, Chi /^-deficient 
plants are chlorotic. A full complement of translat- 
able mRNA is present in Chi Mess cells of barley 
(Bellemare et al., 1982; Preiss andThornber, 1995) 
and A rabidospis ( Murray and Kohorn, 1991), and the 
rates of synthesis of LHCPs in Chi Mess rice plants, 
detected by pulse-labeling with [ 35 S]methionine, are 
essentially the same as in wild-type plants (Terao and 
Katoh, 1989). Chloroplasts purified from the Chi 
Mess chlorina J2 mutant of barley were competent 
to take up precursors of Llicbl at the same low rate 
typical of chloroplasts purified from wild-type cells 
(Bellemare et al., 1982). Terao and Katoh (1989) 
found that newly synthesized LHCPs in Chi Mess 
rice were degraded with half-lives in the range of 2 
to 3 h. This instability of some LHCP species in the 



absence of Chi b has been well documented (Belle- 
mare et al., 1982; Bossmann et al., 1999). Although 
proposed, degradation of these proteins in the chlo- 
roplast lias not been established, an issue that has 
direct bearing on the site and mechanism of assem- 
bly of LHCs. Bellemare et al. (1982) and Terao and 
Katoh (1989) detected mature-sized LHCPs in total 
membranes of leaves of bailey and rice, respectively, 
and concluded that the proteins were in thylakoid 
membranes. However, Murray and Kohorn (1991) 
could not detect significant amounts of LHCPs in 
thylakoid membranes recovered from chloroplasts 
purified from a Chi Mess mutant of Arabidopsis. 
Preiss and Thornber ( 1995 ) detected newly synthe- 
sized, mature-sized LHCPs in total protein of barley 
chlorina f 2 leaves but were also unable to detect the 
proteins in purified thylakoid membranes. These data 
suggested that thylakoid membranes may not be the 
site of degradation and raised the question whether 
LHCPs were indeed imported completely into the 
chloroplast in the absence of Chi b. 
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2. Chi b-less Intermittent-Light Plants 

Exposure of etiolated bean (Argyroudi-Akoyunoglou 
and G. Akoyunoglou, 1970, 1979; g. Akoyunoglou 
andArgyroudi-Akoyunoglou, 1978) or barley (Drey- 
fuss and Thornber, 1994) seedlings to intermittent 
light (2 min of white light separated by 98 min of 
darkness) supported a low rate of Chi a synthesis 
and assembly of photosystem core complexes but 
no accumulation of Chi b. Seedlings exposed to 
intermittent light accumulated Lhcb mRNA (Cum- 
ing and Bennett, 1981; Viro and Kloppstech, 1982; 
Preiss and Thornber, 1995). Synthesis of LHCPs 
was detected, but the plants lacked all LHCPs except 
Lhcb5 (Krol et al., 1995), the apoprotein of CP26 
(Jansson, 1999). (Integration of Lhcb5 into thylakoid 
membranes seems to be facilitated specifically by a 
small, chloroplast-synthesized polypeptide [Ruf et 
al., 2000].) The chlorina f2 mutant of barley lacked 
all LHCPs when treated with intermittent light (Krol 
etal., 1995). 

When the light regime was changed to continuous 
light, the rate of Chi synthesis in wild-type plants in- 
creased immediately, the Chi a: Chi b ratio decreased 
to about 3, and LHCPs accumulated along with 
Chi b (Agyroudi -Akoyunoglou and G. Akoyunoglou, 
1970, 1979; Dreyfuss and Thornber, 1994; Chow 
et al., 2000). Studies on the fate of Chi a, labeled 
with 5-[ 14 C]aminolevulinic acid, the precursor for 
porphyrin biosynthesis, during the intermittent light 
period showed that its specific activity was reduced 
by ‘dilution’ with newly formed Chi a after transfer 
to continuous light and that labeled Chi b was formed 
at the expense of labeled Chi a (Argyroudi-Akoyu- 
noglou et al., 1976). These data indicated that Chi b 
was made from Chi a. Furthermore, during continu- 
ous illumination, grana were formed by stacking of 
expanding primary thylakoids. Analysis of thylakoid 
sub-fractions showed that growth of thylakoid mem- 
branes occurred by random insertion of new material 
throughout the expanding membrane rather than at 
specific growth sites. These results are consistent 
with expansion of the membrane by random fusion 
of small vesicles from the envelope and/or rapid dif- 
fusion of Chi-containing complexes within the plane 
of the membrane. 

LHCP and Chi b were detected in seedlings exposed 
to intermittent light-dark cycles when duration of the 
dark phase was reduced (Tzinas et al., 1987), with 
accumulation of Chi b increasing as the dark phase 
was shortened. The increase in the rate of synthesis 



of Chi a under these conditions, as with continuous 
illumination, apparently allowed accumulation of 
LHCPs and synthesis of Chi b (G. Akoyunoglou and 
Argyroudi-Akoyunoglou, 1986b). In experiments in 
which synthesis of Chi a was enhanced by feeding 
5-aminolevulinic acid to cucumber cotyledons under 
intermittent light, LHCPs accumulated initially in 
parallel with Chi a after a pulse of light, whereas 
Chi b appeared later. These results indicated that 
LHCPs were first stabilized by binding to Chi a and 
that an increased supply of Chi a and the accumula- 
tion of LHCP were prerequisites for the formation 
of Chi b (Y. Tanaka et al., 1992). Furthermore, these 
data suggest that Chi b facilitates LHC assembly but 
that these complexes will assemble with only Chi a 
when the supply is sufficient. 

3. Competition Between Reaction Centers 
and LHCs for Chi 

When the rate of Chi a synthesis is low, reaction center 
proteins synthesized in the chloroplast are the first 
to bind the limited amount of Chi a available. The 
low level of Chi synthesis during intermittent-light 
cycles was insufficient to retain most LHCPs in the 
chloroplast. Additional support for the concept that 
accumulation of LHCPs is a function of the avail- 
ability of Chi came from experiments with a series 
of mutants of wheat with progressively more severe 
defects in Mg-chelatase activity. These mutant strains 
had a decreasing ability to synthesize Chi but the loss 
in the amount of Chi b was disproportionally greater 
(Falbel et al., 1996). A series of chlorina mutants 
of barley with an increasingly severe phenotype 
(Bossmann et al., 1999) also contained decreased 
amounts of LHCPs in parallel with the amounts of 
Chi b. Interestingly, addition of chloramphenicol, 
an inhibitor of synthesis of apoproteins of core 
complexes on chloroplast ribosomes dramatically 
boosted accumulation of LHCPs at high light in- 
tensity in strain CD3, the most severely affected 
mutant of wheat (Duysen et al., 1985; Allen et al., 
1988 ). Treatment with chloramphenicol also attenu- 
ated degradation of LHCPs in chlorina mutants of 
rice (Terao and Katoh, 1989) and allowed LHCPs 
and Chi b to accumulate in etiolated bean leaves 
exposed to intermittent light (Tzinas andArgyroudi- 
Akoyunoglou, 1988). Although these results could 
be interpreted as an indication that chloramphenicol 
inhibited synthesis of proteases in the chloroplast 
directed toward LHCP, the short time period of the 
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treatment in these experiments more likely suggests 
that LHC assembly competed unsuccessfully with 
core complexes for Chi and proceeded only when 
Chi became available as the result of inhibition of 
synthesis of core complex apoproteins (Akoyunoglou 
and Argyroudi-Akoyunoglou, 1986b). 

An important series of experiments was performed 
by Argyroudi-Akoyunoglou et al. (1982) and A. 
Akoyunoglou and G. Akoyunoglou (1984), who 
transferred bean seedlings to the dark after a period of 
greening in continuous light. When transferred to the 
dark during the early stages of greening, pre -accumu- 
lated LHC II was disassembled, with subsequent loss 
of LHCP and Chi b with a half-life of 10 to 1 5 h. PS I 
andPS II core complexes continued to increase in the 
dark, presumably with Chi a abstracted from LHC II 
by core proteins synthesized in the chloroplast (A. 
Akoyunoglou and G. Akoyunoglou, 1985; Georgako- 
poulos et al., 1999). In leaves exposed to continuous 
light for 24 h after a short period of pre-exposure to 
intermittent light ( 1 4 light-dark cycles), degradation 
of LHC II also occurred after transfer to darkness. 
However, when the pre-exposure to intermittent light 
was extended to 42 cycles to increase the number of 
PS units, no degradation occurred after transfer to 
the dark. Thus degradation of LHC II, concomitant 
with reorganization of thylakoid components after 
transfer to darkness, occurred only in thylakoids 
with a reduced number of PS units and probably 
took place to increase the number of PS units. These 
results suggested that initial expansion in the popula- 
tion of core complexes during the intermittent-light 
pretreatment allowed LHC II to persist after transfer 
from continuous light to the dark. Inhibition of chlo- 
roplast protein synthesis with chloramphenicol also 
prevented the breakdown of LHC II, which further 
supported the concept of competition for Chi by core 
versus antenna proteins. In untreated cells, Tanaka 
and Tsuji (1981) observed that addition of Ca 2+ to 
excised cotyledons in the dark, after several hours of 
illumination, strongly attenuated loss of Chi b and 
also seemed to stimulate synthesis of Chi b. A loss 
of Chi b concomitant with degradation of LHC II 
was consistent with conversion of released Chi b to 
Chi a, a reaction that is active in chloroplasts (Ito et 
al., 1994, 1996; Ohtsuka et al., 1997). Although the 
role of this reaction in Chi metabolism is unclear, 
it is important to note that even in the dark, when 
Chi b became available, such as after disassembly 
of LHC II, it was not incorporated into the newly 
assembled core complexes of PS I or PS II. 



4. The Role of a LHCP-degrading Protease 

The conclusion emerges that import of LHCP, 
binding of Chi a and xanthophylls, synthesis of 
Chi b, and membrane insertion must be coupled to 
allow development of stable, membrane-embedded 
LHC II (Paulsen, 1997). Yet Chi b is not required 
for assembly of LHCs, because some minor LHCs 
assemble in its absence in plants (Krol et al., 1995; 
Bossmannetal., 1997, 1999) and red algae (Wolfe et 
al., 1994), and full accumulation of LHCP occurred 
in Chi Mess mutants of C. reinhardtii when the rate 
of Chi a synthesis was sufficiently high (Michel et 
al., 1983; Chunaev et al., 1991; Park and Hoober, 
1997). Also, during early development of plastids 
in plants, several of the LHCP species were retained 
with only Chi a when the rate of Chi synthesis was at 
its maximum. Although LHCs assembled in this case 
were more easily digested when purified thylakoids 
were incubated with exogenous proteases, they are 
not degraded in vivo under normal growth conditions 
(Bossmann et al., 1999). Only when Chi dissociates 
from these proteins the pre-accumulated LHCPs, 
now depleted of Chi, are digested by an endogenous 
thylakoid protease (Anastassiou and Argyroudi- 
Akoyunoglou, 1995; Lindahl et al., 1995; Tziveleka 
and Argyroudi-Akoyunoglou, 1998, 1999; Yang et 
al., 1 998). Interestingly, high activity of this protease 
required solubilization of membranes with detergent, 
which suggested that LHCP must be released from 
the lipid phase of the membrane for degradation and 
that membrane lipids closely associated with LHCP 
inhibit the protease reaction. Portions of the mem- 
brane-spanning regions, particularly those in which 
the ligands to Clil reside, are quite polar and without 
association with Chi may escape the membrane and 
become subject to digestion. Activity of the protease 
was highest in stromal lamellae, but in the absence 
of divalent cations, it dissociated from thylakoid 
membranes and expressed high activity in the stro- 
mal fraction. These properties are characteristic of 
a peripheral membrane protein. Upon separation 
of the Chi-protein complexes of SDS-solubilized 
thylakoid membranes by SDS-sucrose density gra- 
dient centrifugation (Argyroudi-Akoyunoglou and 
Thomou, 1981), the protease co-migrated with the 
LHCP-ttimer zone (Georgakopoulos et al. , 2 002) . At- 
tempts to separate the protease from LHCP trimers by 
prolonged gel electrophoresis resulted in separation 
of a 140 kDa protein, which, when extracted from 
the gel, actively degraded LHCPs and D1/D2 PS II 
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core proteins. These results suggest that the protease 
is a membrane-bound protein closely associated with 
these proteins in the PS II unit. 

It is important to distinguish the protease described 
above from an activity that has been proposed to rap- 
idly degrade LHCP shortly following import when 
sufficient Chi b is not available to form a complex. 
That this degradation occurs in the chloroplast has 
only been surmised from circumstantial evidence. 
Indeed, incubation of Lhcbl with stroma did not result 
in degradation of the protein, nor was degradation 
detected when thylakoid membranes were added to 
the incubation mixture (Marks et al., 1985; Cline, 
1988; Cline et ah, 1993). Thus, the lack of accumu- 
lation of LHCPs in the absence of Chi b may result 
not from instability of complexes in the chloroplast 
but because the rate of Chi synthesis is insufficient 
to complete import of the proteins, which are then 
degraded elsewhere in the cell. Chi b may in fact be 
required for retention of some LHCP species in the 
chloroplast when the overall rate of Chi synthesis is 
low, and in its absence the protein is withdrawn into 
the cytosol or shunted to vacuoles for degradation. 
This conclusion is consistent with detection of newly 
synthesized, mature-sized LHCP in etiolated bean 
plants that received a single 2-min red light pulse 
(Bei-Paraskevopoulou etal., 1995) and in Chi Mess 
mutants, but their absence in thylakoid membranes 
purified from these plants (Murray and Kohom, 1991; 
Preiss and Thornber, 1995). 

In C. reinhardtii cbn 1-113 y, a Chi Mess strain 
that is also unable to produce Chi a in the dark, 
LHCPs were synthesized in the dark at nearly the 
same rate as in the light (Park and Hoober, 1997). 
Light-grown, but not dark-grown, cells accumulated 
full amounts of LHCPs when the medium contained 
acetate, conditions that support the maximal rate of 
Chi synthesis. These results were initially interpreted 
with the paradigm of degradation within the chloro- 
plast (Bennett, 1981) and evidence was obtained that 
the algal strain lacked a membrane-bound protease 
(Hoober and Hughes, 1992). However, localization 
of LHCP in dark-incubated cells by immunoelectron 
microscopy showed that the proteins were excluded 
from the chloroplast in the absence of Chi synthesis 
and instead accumulated in the cytosol and in vacuoles 
(Park and Hoober, 1997). Doubt about degradation 
in the chloroplast was also raised when it was found 
that other Chi Mess strains of the alga, in particular 
cZwl-48, which also accumulated full complements 
of LHCPs when grown on acetate (Chunaev et al., 



1991), contained wild-type levels of the protease (H. 
Park and J. K. Hoober, unpublished). Langheinrich 
(1995) studied a protease with similar characteristics 
and concluded that it was located on the algal cell sur- 
face. This evidence suggested that LHCPs that are not 
integrated into thylakoid membranes are transferred 
to vacuoles and subsequently degraded (Komine et 
al., 1996, 2000). Moreover, when cZwl-113 y cells 
were grown photosynthetically (i.e., in the absence 
of acetate), the cells were chlorotic and deficient 
in LHCPs, similar to Chi Mess plants (Park et al., 
1 999). Under these conditions, the amount of LHCPs 
in chloroplasts was dramatically reduced, while an 
increased level was detected in vacuolar granules. 

Because only the mature-sized LHCPs were de- 
tected in Chi /(-deficient plants or algal cells, partial 
import of precursors may have occurred, sufficient 
to achieve processing to remove the N-terminal 
transit sequence, but then the LHCPs were shunted 
to vacuoles (Park et al., 1999). Similar results were 
obtained with a mutant strain of C. reinhardtii that is 
deficient in LHC II assembly (Eggink et al., 1999), 
in which newly synthesized LHCPs were detected in 
vacuoles within minutes after addition of a labeled 
amino acid at a rate nearly 10-fold greater than that 
in wild-type cells. The very low amount of pulse- 
labeled LHCPs recovered in vacuoles of wild-type 
cells demonstrated that precursors were not simply 
misdirected to vacuoles. Moreover, these results 
demonstrated that even though processing of the 
precursor to remove the transit sequence may occur 
in the chloroplast, the proteins did not thereafter 
reside within the organelle when LHC II assembly 
was inhibited. This rapid flux of LHCPs to vacuoles 
must be distinguished from the relatively slow bulk 
transfer of chloroplast proteins, over several hours, 
to vacuoles in C. reinhardtii (Park et al., 1999). 

When dark-grown cells of C. reinhardtii yl were 
incubated at 3 8 °C, a full complement of translatable 
Lhcb mRNA accumulated in the dark (Hoober et al., 
1982). Chi was not synthesized in these mutant cells 
in the dark, and the proteins accumulated in cells at 
a rate less than 20% of the rate in the light (Hoober, 
1 976 ). Although initially interpreted as translational 
control (Hoober, 1981), the prevailing paradigm 
encouraged instead the conclusion that the lack of 
accumulation resulted from degradation of the pro- 
teins in chloroplasts (Hoober etal., 1990). However, 
an exceptionally virulent proteolytic system must be 
invoked to achieve a half-life of less than a minute, 
and no evidence has been found for this theoretical 
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necessity. In fact, the half-lives of LHC apoproteins 
in plants, measured by pulse-chase experiments, 
were in the range of several hours (see Hoober and 
Eggink, 1999, for review). When the algal cells 
were exposed to light, LHCPs were synthesized 
at a rate greater than could be accommodated by 
LHC II assembly. The excess accumulated outside 
of the chloroplast in vacuoles with kinetics parallel 
to the increase in thylakoid membranes (White et 
al., 1996). It must be noted that the algal cells were 
grown in medium containing a relatively high (10 
niM ) concentration of phosphate, which resulted in 
formation of polyphosphate granules in vacuoles. 
These granules absorbed LHCPs and provided pro- 
tection from proteolysis (Komine et al., 1996, 2000; 
Wolfe et al., 1997). Evidence from algae (Wolfe et 
al., 1997) and plants (R. Tanaka et al., 200 1 ) indicate 
that often more LHCPs are synthesized than can be 
accommodated by the rate of Chi synthesis and that 
the excess proteins are transferred to vacuoles for 
degradation. It would be expected that in cells grown 
on lower concentrations of phosphate, degradation 
of proteins in vacuoles would occur more rapidly 
(Plumley and Schmidt, 1995). 

B. Possible Mechanism by which Chi b 
Promotes LHC Assembly 

That Chi b plays a critical role in LHC assembly 
is well documented in the literature. The most tell- 
ing characteristic is accumulation of several of the 
major LHCPs — and assembly of light-harvesting 
antennae — when Chi ^-containing cells are grown 
photosynthetically, and their absence in Chi Mess 
mutant cells. Moreover, over-expression of the cDNA 
encoding Chlide a oxygenase (CAO) in Arabidopsis 
increased the amount of Chi b and of LHC II relative 
to reaction centers (Tanaka et al., 2001). Work with 

C. reinhardtii indicated that Chi b enhances retention 
of LHCPs in the chloroplast. This section provides 
a proposed mechanism for the role of Chi b, which 
may also explain the m in i m a l amount of Chi b in 
core complexes. 

The final stage of Chi synthesis from proto- 
porphyrin IX includes, in sequence, insertion of Mg 2+ , 
formation of the isocyclic ring, reduction of ring D 
in Pchlide to produce Chlide a, which is esterified 
to Chi a (Beale, 1999). Kolossov and Rebeiz (2001 ) 
described the importance of the existence of precur- 
sors with monovinyl or divinyl groups at the 3 and 8 
positions, which expands the biosynthetic pathway 



of Chi into a multibranched, heterogeneous process. 
The latter steps of the pathway, at least to Chlide a, 
are localized in the chloroplast envelope (Matringe 
etal., 1992; Reinbothe and Reinbothe, 1996; Joyard 
et al., 1998; Manohara andTripathy, 2000). It is still 
unclear whether oxidation of the 7-methyl group of 
Chl(ide) a to the formyl group of Chl(ide) b occurs 
at the level of the unesterified form and where this 
activity resides. The only aspect of the reaction that 
is accepted is the involvement of molecular oxygen 
(Schneegurt and Beale, 1992; Porra et al., 1994). 
Isolation and characterization of the gene encoding 
CAO (A. Tanaka et al., 1998; Espineda et al., 1999) 
were major achievements. The EPR spectrum of 
CAO after expression of the cDNA in E. coli revealed 
the existence of a stable radical in the protein, with 
characteristics of a tyrosine radical, that is quenched 
by addition of Chi a (Eggink et al., 2003). The EPR 
spectrum of the recombinant protein was essentially 
the same as that obtained with purified envelope 
membranes from spinach chloroplasts ( Jager-Vottero 
et al., 1997), which suggested that indeed Chi b is 
synthesized on the envelope membranes. 

In vitro experiments showed that the recombinant 
C AO was specific for Chlide a in an aqueous medium 
and no activity was observed with Chi a (Oster et 
al., 2000). However, Kotzabasis and Senger (1989) 
showed that oxidation occurs in a membrane envi- 
ronment after esterification. Studies with in vivo 
systems also suggest oxidation of the esterified form 
(Argyroudi-Akoyunoglou et al., 1976). Although 
conversion of Chl(ide) a to Chl(ide) b has been ob- 
served, an important question is whether Chl(ide) a 
is the preferred substrate or whether only its presence 
is required. Bednarik and Hoober (1985b) showed 
that Pchlide was converted to Chlide b in a facile 
reaction in the presence of phenanthroline by an 
activity in membranes ofdegreened C. reinhardtii y l 
cells. Attempts to detect Chlide a as an intermediate 
in this reaction failed (Bednarik and Hoober, 1986). 
Interestingly, exposure of incubation mixtures to even 
dim light caused Chlide a to become the predominant 
product. In this reaction, Chlide a was apparently not 
the substrate for the activity that generated Chlide b. 
A polyaromatic compound, such as phenanthroline, 
may be required to lower the redox potential of the 
substrate for oxidation to Chlide b. For example, 
the redox potential (E 1 ) of monomeric Chi a is near 
+850 mV, whereas dimeric Chi a, as occurs in PS I, 
is dramatically lower (E 1 = +500 mV) (Watanabe and 
Kobayashi, 1991). CAO, consequently, generates an 
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oxidant of high redox potential, which is possibly a 
tyrosine radical (E 1/2 = +930 mV). 

Analysis of the esterified alcohol during greening 
showed that Chi b contained the same pattern of partial 
reduction as Chi a, an indication that oxidation in vivo 
occurs with the esterified form. Evidence from these 
experiments indicated that esterification during early 
development occurred with geranylgeranyl diphos- 
phate , with subsequent reduction of the alcohol to the 
phytol moiety (Shioi and Sasa, 1983; Maloney et al., 
1989 ). Interestingly, inhibitionof cytoplasmic protein 
synthesis with cycloheximide blocked accumulation 
of Chi b (Maloney et al., 1989). In the presence of 
this inhibitor, synthesis of Chi a continued at the 
level expected for assembly of core complexes with 
proteins made in the chloroplast. Thus, a nuclear- 
encoded protein seems to be required, in addition 
to the oxygenase, for conversion of Chl(ide) a to 
Chl(ide) b, and LHCP is a prime candidate, a de- 
duction that was demonstrated with Synechocystis 
PC6803 engineered to contain the Arabidopsis CAO 
cDNA and the Lhcbl gene from pea (Xu et al., 2001). 
Although not normally found in cyanobacteria, the 
major Chi in the doubly transformed cells was Chi b, 
which was recovered in photosystem core complexes. 
Cells transformed with only CAO produced less than 
10% of the Chi b in cells with both genes. 

The fact that several species of LHCP do not ac- 
cumulate in Chi 6-1 ess cells suggest that retention of 
the proteins in the chloroplast envelope is facilitated 
by interaction with Chi b. Long-known data on the 
properties of tetrapyrroles provide an explanation for 
this effect. Insertion of the Mg 2+ ion occurs at the most 
favorable step, by initial coordination of non-bonded 
electrons on pyrrole nitrogens of protoporphyrin IX 
in a reaction catalyzed by Mg-chelatase (Kannangara 
et al., 1997; Hansson et al., 1999; P. E. Jensen et al., 
1999; Papenbrock et al., 2000). Subsequent steps 
of Chi metabolism introduce substitutents on the 
periphery of the molecule that affect the distribution 
of electrons. Formation of the isocyclic ring, with the 
13 ‘-carbonyl oxygen, withdraws electrons from the 
center of the molecule, as does replacing alkyl (ethyl 
and methyl) groups that are electron-donating with 
electron-withdrawing vinyl groups (Belanger and 
Rebeiz, 1984). Electron withdrawing substituents 
cause electron densities of the Chi jt-system to redis- 
tribute away from the pyrrole nitrogens and weaken 
their basicity (Phillips, 1963). The resulting lower 
electron density (greater net positive charge) around 
the Mg atom increases its Lewis acid strength toward 



electrons in exogenous ligands (Koemer et al., 1998; 
Noy et al., 2000), and interaction of the metal atom, 
through the fifth coordination bond of its pentacoordi - 
nate, square pyramidal structure (Pascal et al., 2002) 
with an electron-rich ligand, is enhanced. The Mg 
atom in divinyl Chi a is a stronger Lewis acid than in 
the more common monovinyl Chi a and has a greater 
tendency to be hexacoordinated, at least with strong 
ligands (pyridine) at low temperature. Effectiveness 
in enhancing hexacoordinated tetrapyrroles is in the 
order of: reduction of ring D to the chlorin > forma- 
tion of the isocyclic ring E > formation of a vinyl 
group (Belanger and Rebeiz, 1984). Coordination 
of the metal with exogenous ligands causes shifts in 
the absorption and fluorescence spectra, which were 
examined in detail by Rebeiz and Belanger (1984). 

Oxidation of the electron-donating 7-methyl group 
of Chl(ide) a to the electron-withdrawing aldehyde 
has a further dramatic effect on the basicity of the 
pyrrole nitrogens and lowers their pK values by about 
two pH units (Smith, 1975). By extension of the elec- 
tronegativity equalization considerations described 
by Noy et al. (2000), it follows that Mg in Chi b 
should interact more strongly than Chi a with ‘hard’ 
ligands containing electronegative oxygen atoms . The 
resulting increased stability of coordination bonds 
with Chi b should hold apoproteins in the envelope 
more securely during import and thereby increase 
the probability that assembly of LHC II continues to 
completion when the overall rate of Chi synthesis is 
relatively low. Although the function of Chi b is usu- 
ally ascribed to enhancement of light absorption, as 
the result of its shifted absorption spectrum relative to 
Chi a, its role through coordination chemistry in LHC 
assembly is probably a more significant factor. 

With a very insightful series of experiments, Tami- 
aki et al. (1998) showed directly that introduction of 
oxygen on the periphery of the chlorin ring increased 
the Lewis acid strength of the central metal. In these 
experiments, metallochlorins were synthesized with 
Zn 2+ rather than Mg 2+ , which provided an unambigu- 
ous assay for formation of the fifth coordination bond 
with another ligand. A Chi b analogue provided an 
equilibrium constant for a 1:1 complex with pyridine, 
in benzene, that was nearly two-fold greater than that 
for the Chi a analogue. Ruban et al. (1999) showed 
that Chi b binds to LHCPs about two-fold more 
strongly than does Chi a, as measured by retention 
of pigments during detergent-induced dissociation. 
These results strongly support the argument above 
to explain the biological observations. 
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Chi c is the result of three remarkable features. 
Firstly, ring D of Pchlide is not reduced as in the 
other Chi molecules. Secondly, a double-bond is 
introduced into the propionate side-chain on ring 
D to produce the tams-acrylate group. And thirdly, 
the side-chain carboxyl group remains unesterified. 
These features result in extension of conjugation of 
the ring it system to the electronegative carboxyl 
group, which then — similarly to the aldehyde group 
on Chi b — is able to withdraw electrons from the pyr- 
rolenitrogens (Dougherty etal., 1970). Consequently, 
Chi c serves the same purpose in Chi a/c-containing 
LHCs in chromophytic organisms as Chi b does in 
chlorophytes. Chi c in LHCs of brown algae transfers 
excitation energy to Chi a in a similar manner as 
Chi b in green plant LHCs (De Martino et al., 2000). 
Chi d, an analogue of Chi b except that the vinyl group 
of ring A rather than the methyl group on ring B is 
oxidized to an aldehyde group, reflects an additional 
mechanism that organisms have found to oxidize the 
Chi molecule. Chi d was recently discovered in the 
photosynthetic prokaryote Acaryochloris marina 
(Hu et al., 1998) and confirmation of its presence in 
some species of red algae (Landru and Welschmeyer, 
2000) suggest that facilitation of assembly of LHCs 
by an oxidized Chi is a general mechanism. (See 
Chapters 7, Mimuro; and 9, Itoh and Sugiura, for 
further information on the role of Chi d.) 

C. ‘Retention Motifs’ 

The apoproteins of LHCs are highly homologous, 
with specific motifs conserved throughout the LHC 
family in photosynthetic eukaryotic organisms ( Jans- 
son, 1994, 1999). Particularly striking are the motifs 
— ExxHxR— in the first membrane-spanning region 
(MSR) and the similar sequence -ExxNxR- in the 
third MSR of all LHCP-related proteins in plants, 
green algae, red algae, brown algae, diatoms, and 
dinoflagellates (Tan etal., 1997; Dumford etal., 1999; 
Hiller et al., 1999; De Martino et al., 2000) and even 
in small, homologous polypeptides in cyanobacteria 
that span a membrane only one time (Dolganov et 
al., 1995; Funk and Vermaas, 1999). The remark- 
able conservation of this motif throughout the long 
evolutionary history of the LHC family predicts an 
essential function. Molecular modeling suggested 
that this sequence should bind two molecules of Chi, 
one ligand provided by the His or Asn residue and the 
second by the Glu-Arg ion pair (Hoober and Eggink, 
1 999) , known ligands in the structure of LHC II (Kuh- 



lbrandt et al., 1994). Possibly, Chi a interacts with 
His in this motif as LHCPs traverse the chloroplast 
envelope during import from the cytosol (see Fig. 6). 
Because major LHCP species are withdrawn back into 
the cytosol in strains of C. reinhardtii unable to make 
Chi b (Park and Hoober, 1 997), Chi a alone apparently 
does not form sufficiently strong coordination bonds 
to retain the protein in the chloroplast. Formation of 
the Glu-Arg ion pair requires a loop structure, which 
was demonstrated by circular dichroism spectra, but 
the diameter of the translocon in the envelope mem- 
brane may restrict formation of the loop. Thus Chi b 
may be needed to bind transiently to the Glu residue. 
In recognition of the binding of Chi to the sequence 
-ExxHxR- and subsequent retention of the protein in 
the chloroplast, it was designated a ‘retention motif’ 
(Hoober and Eggink, 1999). 

Site-directed mutagenesis to replace His with Ala 
or Arg with Glu within this sequence in MSR1 of 
Lhcbl resulted in strong attenuation of import of the 
precursor form into purified chloroplasts (Kohorn, 
1990). Mutation of Asn to Leu in the motif in MSR3 
also dramatically reduced accumulation of Lhcbl 
in the membrane in vivo, evidence that MSR3 is 
also important for LHC II assembly (Flachmann 
and Kiihlbrandt, 1996). In the completely folded 
protein, the motifs in MSR1 and MSR3 interact to 
generate two cross-helix Glu-Arg pairs. Along with 
the His and Asn residues, the motifs provide ligands 
for four central Chi molecules. In vitro experiments 
with synthetic peptides containing the sequence 
-EIVHSRW-, or the inverse -WRSHVIE-, demon- 
strated that two times more Chi a was bound to these 
peptides than to single-ligand peptides in which His 
was replaced with Ala (Eggink and Hoober, 2000). 
Substitution of Ala for Glu or Arg in addition to His 
eliminated binding to the peptide. Binding of Chi to 
the peptide was assayed by fluorescence resonance 
energy transfer fromTrp, adjacent to Arg in the amino 
acid sequence, to Chi (Fig. 7). It is interesting that, 
although the imidazole and indole groups of His and 
Trp, respectively, are very sensitive to oxidation by 
singlet oxygen or electron transfer (Michaeli and 
Feitelson, 1994; Wessels et al., 1997) and Chi is 
an excellent photosensizing pigment, these amino 
acids are remarkably conserved through evolution, 
an indication of their importance. The central luteins 
in LHC II may play an important role in protecting 
these amino acids from photo-oxidation. The motif 
in MSR3 usually contains Asn rather than His and is 
followed by Leu or lie rather than Tip and thus is not 
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Fig. 7. Association of Chi a with a synthetic peptide containing a retention motif. (A) Binding was detected by energy transfer from Tip 
to Chi. indicated by an increase in the excitation spectrum at 280 nm, the absorption maximum ofTrp. with emission of Chi at 675 nm. 
Excitation spectra were determined with (a) 0, (b) 2, (c) 5 or (d) 10//M peptide. In (B), emission spectra were obtained (a) with no peptide, 
excited at 434 nm (the Soret maximum of Chi a), or (b) with 10 /<M peptide, excited at 280 nm. (From Eggink and Hoober, 2000). 



expected to be sensitive to photo-oxidation. 

Trp is the amino acid that follows Arg in the motif in 
MSR 1 of LHCP in all LHCs that contain Chi b ( Green 
and Kiihlbrandt, 1995; Savardetal., 1996; Durnford 
et al., 1999). LHCPs that assemble LHCs with Chi 
c rather than Chi b contain another nonpolar amino 
acid instead ofTrp at this position. This correlation 
suggests that Trp may play a role in Chi b synthesis. 
Phenanthroline, which induced synthesis of Chlide b 
in C. reinhardtii (Bednarik and Hoober, 1985a,b), 
possibly acted as an analogue of the indole group 
ofTrp. LHCPs that contain Trp next to the retention 
motif are proposed to act as ‘effectors’ in synthesis 
of Chi b. Conversion of Pchlide (or Chl[ide] a) to 
Chl(ide) b does not require light and is not a photo- 
oxidation ( Bednarik and Hoober, 1 985b; Oster et al., 
2000). Whether the motif indeed plays a role in the 
reaction catalyzed by CAO will become clear only 
after further characterization of the reaction. 



IV. Identification of Chls within Native and 
Reconstituted LHC II 

A. Kinetic Analyses of Spectral Changes 

Identification of the Chi in each site within LHC II 
and understanding of energy flow within the antenna 
have been approached by kinetic analyses of energy 
transfer between, and consequent absorbance changes 
(bleaching) of, Chi molecules within the complexes, 
which occurs in the femto- to pico-second range. 
Occupancy of each Chl-binding site has also been 
investigated by the loss of Chi after reconstitution 
with apoproteins in which a ligand was replaced by 



mutation. The goal has been to determine where each 
of the seven Chi a and five or six Chi b molecules 
reside in the monomer and to measure its nearness 
to other pigments within the trimeric complex. 
Kiihlbrandt et al. (1994) proposed that Chi nearest 
the central xanthophylls (lutein) should be Chi a for 
efficient quenching of triplet states. Consequently, 
Chi b was placed on the periphery of the complex. 
Efficient energy flow from Chi b to Chi a provided 
an excellent means to test this hypothesis. Gradinaru 
et al. (2000 ) obtained ultrafast kinetic data for excita- 
tion energy transfer from xanthophylls to Chi, from 
Chi b to Chi a, and from Chi a to Chi a. Within each 
monomer, energy transfer from xanthophylls to Chls 
occurred in the range of 1 00 fs. They concluded that 
luteins transferred energy to Chi a , whereas neoxan- 
thin transferred energy exclusively to Chi /;. Transfer 
from Chi b to Chi a occurred only within monomeric 
subunits, with an average time of about 300 fs, al- 
though the rates were dependent on distance and 
orientation, and several distinct rates were detected 
experimentally (van Amerongen and van Grondelle, 
2001). Energy was transferred between monomers 
within the LHC 11 trimers from Chi a molecules, with 
an equilibration time of 20 to 30 ps (van Amerongen 
and van Grondelle, 2001). The fluorescence emis- 
sion of a single LHC II monomer was polarized, a 
reflection of fixed positions of the Chi molecules, 
with a mean wavelength of 68 1 .3 nm and bandwidth 
of less than a nanometer at 1 .8K (Tietz et al., 200 1 ). 
Polarized emission of this wavelength indicates that 
energy emerges from the complex from a single Chi 
a, identified as Chi al. The emission spectrum for 
a trimer contained three polarized lines, apparently 
one for each monomer (Fig. 8). 
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Fig. 8. Emission spectra of (A) trimeric and ( B ) monomeric LHC II 
at 1.8K. Trimers frequently show three linearly polarized emission 
lines, whereas monomers emit a single line. (Reproduced from 
Tietzetal., 2001; used with permission.) 



The model developed from these data supported in 
general the assignments of Kiihlbrandt et al. ( 1 994), 
with only an exchange of position of one Chi b(b 1 ) 
and one Chi a (a6) (see Fig. 9 for designation of sites). 
However, Connelly et al. (1997) with native LHC II 
trimers, and Croce et al. (2001) with reconstituted 
monomers, detected a substantial energy transfer 
from lutein to Chi b with a lifetime of 50 to 60 fs. 
Transfer of energy from neoxanthin to Chi b was 
slightly slower, w ith a lifetime of 90 fs. These results 
would place Chi b near the core of the complex, or at 
least near lutein molecules. Detailed resolution of the 
paths of energy transfer have been difficult because 
of the spectral overlap of the pigments, and in these 
experiments it was essential to estimate the extent of 
direct excitation of Chi b. Another complicating fac- 
tor is the possibility that native trimers, purified from 
thylakoid membranes, are heterotrimers of monomers 
formed from Lhcbl, Lhcb2 and/or Lhcb3 (Jansson, 
1 999), which may bind Chls differently. This problem 



has been eliminated by reconstitution of trimers with 
only one apoprotein, Lhcbl, expressed in E. coli 
(Remelli et al., 1999; Rogl et al., 2002). 

B. Reconstitution of LHC II After Site-Directed 
Mutagenesis of Specific Residues in Lhcbl 

A second approach for identification of Chls has 
been the change in composition of complexes, deter- 
mined by high performance liquid chromatography 
coupled with spectral differences, caused by site-di- 
rected mutagenesis of amino acid ligands in LHCPs. 
LHC I Is were reconstituted with apoprotein Lhcbl 
expressed in E. coli and purified Chi a , Chi b and 
the xanthophylls lutein and neoxanthin. Interestingly, 
the pigments were necessary to induce folding of the 
protein ( Paulsen et al., 1 993 ). Composition of the final 
complex was a function of the incubation mixture, and 
the concentrations of Chi a and Chi b were adjusted 
to give a molar ratio at least as great as that found in 
the complex purified from thylakoid membranes, with 
an excess of Chi a, to achieve the native composition 
in the reconstituted complex (Remelli et al., 1999; 
Rogl and Kiihlbrandt, 1999; Yang et al., 1999; Rogl 
et al., 2002). The luteins were bound in the core of 
the complex, near the intersection of helices 1 and 3, 
whereas neoxanthin was bound near helix-2 (Croce et 
al., 1999). Stable monomers were reconstituted with 
Chi b as the only Chi, an indication that all binding 
sites can be filled with Chi /;, but stable complexes 
were not achieved with only Chi a. At least one Chi 
a was required per trimer to achieve trimerization 
(Kleima et al., 1999). 

Reinsberg et al. (2000) assayed reconstitution of 
LHC 1 1 by time-resolved fluorescence resonance en- 
ergy transfer from Chi b to Chi a. The time constant 
observed for development of fluorescence of Chi a 
via excitation of Chi b described a very slow' process, 
in the range of several minutes, which suggested that 
incorporation of Chi b was a late event during in vitro 
assembly. Because Chi b forms stronger coordina- 
tion bonds than Chi a with water (Ballschmitter et 
al., 1969), its rate of bonding with protein-bound 
ligands is expected to be slower than that of Chi a. 
Tlius, the slow binding of Chi b may in part involve 
inhibition by water and/or displacement of Chi a from 
ligands. Energy transfer has also been used to evalu- 
ate intactness of the final complex by measuring the 
extent, if any, of emission from Chi b when excited 
selectively at 470 to 475 nm (Remelli et al., 1999; 
Rogl and Kiihlbrandt, 1 999). Absorbance and circular 
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dichroic spectra of the reconstituted complexes with 
wild-type apoproteins closely resembled those of 
native LHC II purified from thylakoid membranes 
(Cammarata and Schmidt, 1992; Meyer et al., 1996; 
Peterman etal., 1996). 

Hoober and Eggink (200 1 ) and Eggink et al . (200 1 ) 
proposed that the stronger Lewis acid strength of 
Chi b, deduced from data obtained by Koemer et al. 
(1998) and Noy et al. (2000), is important in forma- 
tion of coordination bonds with ligands in LHCP 
and assembly of LHC II. Thus, the more positive 
point charge of the Mg in Chi b may favor electro- 
static coordination with dipole ligands containing 
electronegative oxygen atoms (e.g. amide and back- 
bone carbonyl groups) whereas Mg in Chi a forms 
coordination bonds with the imidazole group most 
likely through orbital interaction. Oxygen-containing 
groups are either not ligands for Chi a without charge 
compensation (carboxyl group ) or weak ligands in the 
case of amides, possibly because the partial negative 
charge at one end of a dipole is repulsed by the higher 
electron density around Mg in Chi a. Thus Chi a and 
Chi b may each have a preferred set of ligands, which 
determines specificity of site occupancy in LHCs. 

Reconstitution with the apoprotein, in which amino 
acids that serve as ligands for Chi were substituted 
with non-ligand residues, has been remarkably suc- 
cessful in identifying sites that bind Chi a or Chi b. 
In these studies, loss of Clils upon removal of several 
of the binding sites on the protein suggested that they 
were filled with both Chi a and Chi b. Mixed and 
variable occupancy of some of the sites was probably 
a reflection of competition between Chi a and Chi b 
for certain ligands, which was managed by adjust- 
ing the composition of the reconstitution mixture 
(Yang et al., 1999). The high Chi a concentration 
required to achieve the desired ratio in the complex 
in vitro is probably a reflection of the greater stabil- 
ity of coordination bonds with Chi b over Chi a with 
most ligands. The peptide carbonyl of Gly78 (a6) in 
helix- 1 (residue numbers are given throughout with 
reference to Lhcbl) is available as a ligand because a 
Pro residue, one turn further in the a-helix, precludes 
formation of a H-bond. This site was assigned by 
Remelli et al. (1999) as a mixed site when Chi a was 
present in excess, but in experiments conducted by 
Rogl and Kuhlbrandt (1999), replacement of Gly78 
with bulky Phe caused loss of Chi b. The harder Lewis 
acid character of Chi b likely favors coordination with 
this carbonyl. Substitution of Glnl97 (a3) or His2 12 
(63) caused loss of about half of an equivalent of each 



Chi, an indication that these ligands generate mixed 
sites (Remelli et al., 1999). 

In other studies, a Chi a was lost when each of these 
residues was replaced by Leu or Ala, respectively 
(Rogl and Kuhlbrandt, 1999; Rogl et al., 2002). A 
consideration based on ligand character would sug- 
gest that Chi a binds to His212 whereas Chi b should 
bind to Glnl97, similar to the Gin in site b6. Whether 
free Chi b is available in vivo to interact with all sites 
in the protein, or only synthesized in the context of 
specific binding sites, is yet unknown. 

Work by Satoh et al. (2001 ) and Xu et al. (2001), 
who introduced the Arabidopsis CAO cDNA into 
the genome of the cyanobacterium Synechocystis, 
demonstrated that no inherent specificity exists in 
most Chi binding sites. When Chi b was provided 
in the environment in which PS I and/or PS II core 
complexes were assembled, Chi b occupied sites 
normally filled with Chi a. Thus, occupancy of bind- 
ing sites is likely determined during assembly of 
complexes, as an appropriate environment is created 
for Chi b synthesis, in conjunction with strength of 
the resulting coordination bonds. Further discussion 
of the occupancy assignments is provided in the fol- 
lowing section. 

C. Reconstitution With Other LHCPs 

Reconstitution has also been accomplished with 
Lhcb4, Lhcb5 and Lhcb6. CP29 (Lhcb4) contains 
only eight Chi molecules (6 Chi a and 2 Chi b), 
and the simpler complex provided more definitive 
results than LHC II. Composition of reconstituted 
CP29 was quite sensitive to the Chi a:b ratio in the 
incubation mixture (Giuffra et al., 1997; Pagano et 
al., 1998). The complex most resistant to a change 
in composition had a Chi a:b ratio of 3, the same as 
the native complex, and was obtained with a ratio of 
8 or greater in the incubation mixture. Mutational 
analysis of reconstitution with Lhcb4 indicated that 
the four central sites (a l,a2, a4 and u5) in the folded 
protein were specific for pentacoordinate Chi a (Pas- 
cal et al., 2002). Occupancy of the four other sites 
(a3, 63, b5 and b6) were mixed (Bassi et al., 1999). 
One equivalent of Chi b had a strongly blue-shifted 
absorbance maximum (638 to 640 nm), character- 
istic of a nonpolar environment and was assigned 
to sites a3 and 63, whereas the second Chi b had an 
absorbance maximum of 650 to 653 nm, similar to 
Chi b in aqueous detergent solutions (Maloney et 
al., 1989; Hoober et al., 1994) and assigned to sites 
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b5 and b6 (Cinque et al., 2000). Helix-2 of Lhcb4 
provides two charge-compensated Glu residues as 
ligands (ion-paired with Arg in b5 and with Ca 2+ 
in b6). Interestingly, mutation of Glu in b6 to Gin 
shifted occupancy from a mixed site, containing 
Chi a, toward Chi b (Bassi et al., 1999), in support 
of this site being filled with Chi b in LHC II (Remelli 
et al., 1999; Yang etal., 1999). Lhcb4 contains Val in 
place of Pro in helix- 1 , which H-bonds with the Gly 
peptide carbonyl and thus removes the ligand that in 
Lhcbl provides site a6. 

Reconstitution with Lhcb6 (CP24) led to acomplex 
containing ten Chi molecules (Pagano et al., 1998). 
A stable Chi a:b ratio of 1.0 was found as a func- 
tion of the incubation mixture, which suggested that 
CP24 and LHC II both contain five Chi b in the same 
sites. Interestingly, CP24 lacks neoxanthin and can 
be reconstituted without lutein. Reconstituted CP26 
(Lhcb5) contained six Chi a and three Chi b molecules 
(Croce et al., 2002), and accommodated lutein, vio- 
laxanthin or zeaxanthin as the xanthophylls (Frank et 
al., 2001 ). Of the three binding sites for xanthophylls, 
occupancy of LI was found to be indispensable for 
protein folding. Whereas this site is filled with lutein 
in LHC II, it could be filled with lutein, violaxanthin 
or zeaxanthin in CP26 (Croce et al., 2002). L2, the 
other central xanthophyll binding site, could also be 
filled in CP26 with either of these three. Reconstitu- 
tion could accommodate neoxanthin in site L2 and 
Nl, the site close to helix-2, but not in LI. 

D. Requirement of Chi b for Accumulation of 
Lhcbl, Lhcb4 and Lhcb6 

Reconstitution studies with Lhcbl consistently as- 
signed Chi b to ligands Glul39/Argl42 ( b5 ) and 
Glnl31 ( b6 ) in Lhcbl, which with Chi b bound to 
Gly 78 (a6) account for three of the five Chi b mol- 
ecules in LHC II. The concept of ligand selectivity 
suggests that site u3 is filled with Chi b. Substitution 
of several ligands, in particular Glu65 (a4), Asnl83 
(al ) and Glul39 (b5) with Ala or Leu, each caused 
loss of at least one Chi a and one Clil b (Remelli et 
al., 1999; Rogl and Kiihlbrandt, 1999). Although the 
Clils coordinated to Glu65 and Asnl 83 were assigned 
as Chi a, with non-protein-liganded Chi b in nearby 
sites (Remelli et al., 1999; van Amerongen and van 
Grondelle, 2001), the converse may also occur. 

As noted above in section III.B, retention of Lhcbl 
by the chloroplast requires Chi b. During import of 
the protein, and before formation of the cross-helix 



Glu- Arg ion pairs, the carboxyl group of Glu65 (a4) 
could serve as a strong ligand for Chi b, as suggested 
by Rogl and Kiihlbrandt (1999). Glu65 would be the 
first binding site to enter the chloroplast envelope 
during import, along with His68 as a ligand for Chi a. 
It is not inconceivable that completion of folding 
of the protein, with formation of an ion-pair as the 
guanidinium group of Arg in helix-3 approaches 
carboxy group of Glu in helix- 1, creates a ligand 
more favorable to Chi a, which then displaces Chi b 
from a4. A similar scenario could occur with Glul 8 1 
(al), as the guanidinium group of Arg70 forms the 
second inter-helix ion-pair. Such exchanges in Clils, 
as the result of changes in Lewis base character of the 
ligands, and thus equilibria of the interactions, in sites 
al and a4 as folding of the complex is completed, 
would satisfy the specificity of binding of Chi a or b 
predicted from the coordination chemistry described 
in section III.B, the requirement of Chi b for reten- 
tion of LHCP in the chloroplast, and the assignments 
determined by reconstitution (Fig. 9). 

The sequence of helix- 1 of Lhcb 1 is similar to that 
of Lhcb2, a protein that does not require Chi b for 
accumulation, with a notable exception that Lhcb2 
contains Lys rather than Arg at the end of helix- 1 
(Jansson, 1999). This difference may influence the 
ease with which the protein enters the membrane. 
Lhcb4 and Lhcb6, which along with Lhcbl require 
Chi b for accumulation, lack Pro in helix- 1 and thus 
lack site a6. This site, therefore, cannot be a crucial 
ligand required for retention of the protein in the 
chloroplast. The sequences of all LHCPs provide sites 
b5 and b6, filled predominately with Chi b, and thus 
these sites also are not likely part of the differential 
retention by Chi b. Although direct evidence for bind- 
ing of Chi b in site a4 or a5 is lacking, arguments 
presented above do not rule out an initial coordination 
of Chi b with these ligands in vivo. More informa- 
tion is needed to better understand these processes. 
Whereas LHCPs are required for accumulation of 
Chi b, it is not clear whether specific sites selectively 
promote oxidation of Chi a. 

E. Chi Binding to Retention Motifs 

An analysis of in vitro binding of Clils to peptides may 
provide a means to sort out the chemistry of Chi bind- 
ing to ligands in the protein. During reconstitution, it 
is expected that the kinetically most favored Chi will 
bind first (provided the laws of solution or diffusion 
kinetics apply). Chi a binds efficiently to a 16-mer 




702 



J. Kenneth Hoober and Joan H. Argyroudi-Akoyunoglou 



30©<|>©®©...N 

o 



§ | 

© ® © 

© J® j*)® Stroma 

WV/. 



140 




( 2 ) 






©®®^ Lumen 

l» no 

®>©<p® <§)(£)©© 



i Conserved In all CAB* and FCP.'PCPs 



Fig. 9. Model of the association of Chi with Lhcbl. The arrangement of the protein in thylakoid membranes is illustrated according 
to Green and Durnford ( 1996). The symbols designating the chlorin rings of the five Chi b molecules are filled. Arguments for the as- 
signments as shown are described in the text. 



peptide that contains the sequence -EVIHSRW-, in 
which a Glu/Arg ion-pair and His serve as ligands, as 
measured by fluorescence resonance energy transfer 
from Trp to Chi (Eggink and Hoober, 2000) ( Fig. 7). 
Because this interaction involves coordination be- 
tween ligands and the Mg atom, and Mg in Chi b is 
a harder Lewis acid toward protein ligands than that 
in Chi a , we expected the former would bind more 
strongly. Bound Chi b was detected, but the extent 
of energy transfer from Trp was less than that with 
Chi a. (Chi b as well as Chi a have absorption peaks 
in the near-U V that overlap the emission spectrum of 
Trp. ) Although energy transfer may be somewliat less 
efficient from Trp to Chi b than from Trp to Chi a, 
interaction of Chi b with the peptide may also have 
been inhibited by water molecules strongly coordi- 
nated to the Mg (Ballschmitter et al„ 1969; Serlin et 
al., 1 975). If these data are relevant to the reconstitu- 
tion of the larger complex, Chi a is expected to bind 
first and occupy central ligands in the protein, while 
Chi b associates more slowly but eventually forms 



more stable complexes. A pool of free Chi b. which 
is required to achieve the native Chi a:b ratio during 
reconstitution studies, is not known to exist in the 
cell. The conversion of Chl(ide) a to Chl(ide) b after 
binding to the protein, as described above in Section 
111, would define a path of assembly of LHC 11 in 
vivo that would place Chi b molecules at the core 
of LHC II, a location indicated by energy transfer 
data obtained by Connelly et al. (1997) and Croce 
et al. (2001 ). This interaction, while LHCP resides 
in the chloroplast envelope, may retain the protein 
in that environment sufficiently long for addition of 
the remaining pigments and completion of folding. 
Degradation of LHCPs, in the absence of Chi b. ap- 
parently occurs outside the chloroplast, and perhaps 
in the vacuole, after retraction of the proteins when 
they are not retained long enough in the envelope for 
LHC II assembly. The consequence of this mecha- 
nism is ‘stabilization’ of LHCP by Chi b. Thus, any 
consideration of the structure and accumulation of 
LHCs must take into account these pathways. 
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Direct evidence that the sequence -Ex.xH.xR-, and 
the reverse sequence, bind Chi (Eggink and Hoober, 
2000) prompted us to seek this motif in other pro- 
teins and to question whether it may be used more 
extensively in vivo. Of interest are proteins that po- 
tentially function in association with the chloroplast 
envelope. CAO from Chlamydomonas contains the 
motif -EQNLQR-, which should bind at least two 
molecules of Chi, near the N-terminus in a region 
quite uncharacteristic of a transit sequence (A. Tanaka 
et al., 1998). The oxygenase from A rabidopsis also 
contains a two-ligand motif, -ELVNDR-, 1 62 amino 
acids from the initial methionine at the N-terminus 
(Espineda et al., 1999). We thus predict that trans- 
location of the enzyme through the envelope would 
be attenuated by interaction with Chi, which would 
position the functional site of CAO on the outer 
surface of the inner membrane. If so, the oxygenase 
in Chlamydomonas probably contains an uncleaved 
targeting sequence. 

The VIPP 1 protein, which is required for vesicula- 
tion of the inner membrane in Arabidopsis, contains 
the two-ligand motif -ELNELR- (-ELEQLR- in a 
orthologous protein in pea) very near its C-terminus 
(Westphal et al., 2001a). Translocation arrest by Chi 
binding to this site may cause the protein to achieve 
an orientation with the functional domain on the 
stromal surface of the membrane, the site expected 
for initiation of vesiculation. An analogous protein 
in cyanobacteria is required for formation of thyla- 
koid membranes from the plasma membrane and 
contains a single-ligand motif at the C-terminus 
(-ELDDLR-). An ankyrin repeat-containing protein 
contains a C-terminal, two-ligand motif, -EER- 
QGR- (H. Zhang et al., 1992), as does the ALB3 
protein (Sundberg et al., 1997). Although required 
for chloroplast development, the functions of these 
proteins are unclear. An enzyme in carotenoid me- 
tabolism in Arabidopsis, |3-carotene hydroxylase, 
which catalyzes synthesis of zeaxanthin, contains 
a single-ligand motif (-EYLALR-) within an N- 
terminal extension that is not found in prokaryotic 
orthologues (Sun et al., 1996). Violaxanthin de-ep- 
oxidase, which also synthesizes zeaxanthin from the 
opposite direction in the pathway, has an inverted, 
two-ligand motif (-RSPCNE-) within the N-terminal 
targeting sequence and another two-ligand motif 
(-EENPVR-) and two single-ligand motifs near the 
C-terminus (Bugos and Yamamoto, 1996). Whether 
these motifs regulate localization of the protein is 
not known, although the de-epoxidase is recovered 



from chloroplasts as a soluble luminal protein. Pos- 
sibly, the N-terminal motif arrests translocation of 
this enzyme across the envelope, and subsequent 
vesiculation captures the proteins into the eventual 
luminal space. 

Because Chi is bound to proteins predominantly 
through coordination bonds, it is attractive to consider 
the possibility that the availability of Chi, or its rate 
of synthesis in the envelope membranes, transiently 
regulates translocation of proteins across the envelope 
or association with thylakoid membranes and thus 
their eventual orientation. Moreover, the potential 
interaction of Chi with these and other proteins con- 
taining such motifs provides a partial explanation for 
the remarkable expansion of envelope membranes 
during initial chloroplast development (Hoober et al., 
1991). The amount of Chi required for this proposed 
function in the envelope may be below detection 
in vivo, but enrichment of envelope membranes in 
carotenoids is consistent with the need for a strongly 
anti-oxidant environment . 



Note Added in Proof 

A high-resolution structure of spinach LHC II, re- 
vealed by X-ray diffraction, was recently published 
(Liu et al., 2004). The positions of 14 Chi molecules, 
eight Chi a and six Chi b, were unambiguously de- 
fined, with no mixed sites. About half of the ligands 
suggested by Kuhlbrandt et al. (1994) were confirmed. 
Three of the Chi b molecules were coordinated to 
water molecules. Two Chi b molecules were coor- 
dinated to backbone carbonyls of Tyr24 and Vail 19, 
amino acids that were not previously identified as 
contributing ligands. All Chi b molecules were coor- 
dinated with an oxygen atom, which confirmed our 
hypothesis that the stronger Lewis acid strength of the 
Mg in Chi b favored the harder Lewis base oxygen. 
The 7-formyl group of most Chi b molecules was 
hydrogen-bonded to amino acid sidechains, which 
should increase the strength of the coordination bond. 
The requirement for Chi b to retain Lhcbl in the 
chloroplast is possibly met by the newly discovered 
Chi b coordinated to the carbonyl of Tyr24, at the 
N-terminus of helix 1, and the carbonyl of Vail 19, 
at the N-terminus of helix 2. 
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Summary 

This chapter deals with pigment composition, activity and chlorophyll ( Chi) fluorescence signatures of the 
photosynthetic apparatus as modified by light adaptation, stress events and autumnal senescence. It starts with 
a description of the regular pigment composition and function of the different photosynthetic pigments (Clils 
a and b and several carotenoids ) in the chloroplasts. Light adaptations of the photosynthetic apparatus with 
differential pigment composition, Chi fluorescence and higher C0 2 assimilation rates of sun-type and high- 
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light chloroplasts as compared to shade-type and low-light chloroplasts are contrasted. The Chi fluorescence 
decrease ratio (R Fd ) as non-destructive indicator of the C0 2 -flxation rates (P N ) and as vitality index of the 
photosynthetic apparatus is presented. The R Fd values are determined from the Chi fluorescence induction 
kinetics. They are defined as ratio of the Chi fluorescence decrease Fd to the steady state Chi fluorescence Fs 
after onset of photosynthesis: R Fd = Fd/Fs = (Fm- Fs)/Fs. Possible modifications in pigment composition and 
photosynthetic activity (changes in R Fd values and P N rates) during the vegetation period and stress events are 
indicated. 

The pigment breakdown, paralleled by measurements of Chi fluorescence parameters, during autumnal 
senescence is characterized by a differential breakdown of Chi a and b and of total carotenoids, xanthophylls 
(x) and carotenes (c). Despite an extensive breakdown of pigments, the Chi fluorescence decrease ratio, R Fd 
‘normal, ’indicates that the remaining Chi of leaves is photosynthetically active during the major part of the 
autumnal senescence process. We emphasize the highly flexible reactivity of the photosynthetic apparatus 
and show that certain pigment ratios [Chi a/b and (a + b)/(x + c)] as well as Chi fluorescence parameters (Re- 
values) are good indicators of ongoing stress and senescence processes. Finally, the great advantage of the 
recently developed Chi fluorescence imaging techniques of leaves, as an excellent means for screening changes 
in the functionality of the photosynthetic apparatus during adaptation and stress events, is briefly discussed. 
Fluorescence imaging of leaves with video Charge Coupled Device (CCD ) cameras, that simultaneously pro- 
vides the Chi fluorescence information of more than 100,000 leaf pixels, is much superior to the data on Chi 
fluorescence measurements applied thus far using conventional fluorometers which yield average fluorescence 
information of only one leaf area point per measurement. 



I. Introduction: Occurrence and Function 
of Photosynthetic Pigments 

A. Chlorophylls and Carotenoids in Thyla- 
koids 

The photosynthetic pigments, the green chlorophylls 
(Chls) and yellow carotenoids, xanthophylls (x) and 
carotenes (c), represent isoprenoid pigments which 
have also been termed prenyl pigments. They are 
localized together with prenylquinones, galactolip- 
ids, sulfolipids and phospholipids as well as various 
proteins and electron carriers in the photochemically 
active thylakoid membranes of chloroplasts (Lich- 
tenthaler and Park, 1963; Lichtenthaler and Calvin, 
1964). Thylakoid membranes perform photosynthetic 
light and electron transport reactions which lead 



Abbreviations : (a+b)/(x+c) - ratio of total chlorophylls to total 
carotenoids; Ap - stress adaptation index; c - carotenes; Chi - 
chlorophyll; Fd - Chi fluorescence decrease from Fm to Fs; Fm 
and Fp - maximum Chi fluorescence in the dark-adapted state; 
Fo - initial Chi fluorescence; Fs - steady-state Chi fluorescence 
in the light-adapted state; F690 -red Chi fluorescence band; F735 
or F740 - far-red Chi fluorescence band near 735 to 740 nm; 
F690/F735 or F690/F740 - red/far-red Chi fluorescence ratio; 
FIS - fluorescence imaging system; FIL - high-light; LL - low- 
light; LHCII - light harvesting chlorophyll proteins of PS II; 
PS I and PS II - photosynthetic photosystems I and II; P N - net 
photosynthetic C0 2 -flxation; R Fd - Chi fluorescence decrease 
ratio; x - xanthophylls; x+c - total carotenoids 



to the formation of NADPFI and ATP required for 
photosynthetic C0 2 -flxation and biomass production 
(Blankenship , 2002). Within the thy lakoid membrane, 
Chls and carotenoids are bound in different propor- 
tions to several Chi-carotenoid protein complexes of 
the pigment antemias (LHC II and LHC I) and the 
two photosystems PS I and PS II with their reaction 
centers (RCI and RCII). The biosynthesis of the 
isoprenoid carotenoids and the phytyl side-chain 
of chlorophylls proceeds in chloroplasts via the 
deoxy-D-xylulose-5-phosphate/methylerythritol-4- 
phosphate (DOXP/MEP) pathway of isopentenyl- 
diphosphate formation, which had only recently been 
detected (see reviews by Lichtenthaler et al„ 1997a; 
Lichtenthaler, 1999). 

Thylakoids of higher plants and green algae 
possess almost the same composition of Chls and 
carotenoids which are organized in several distinct 
pigment proteins. The light-harvesting Chi u/6-pro- 
teins of LHC II, named LHCPs, contain Chi a and b 
in ratios of 1 . 1 to 1 .3 , as well as the carotenoids lutein 
and neoxanthin, but no or only traces of [(-carotene 
or violaxanthin (Lichtenthaler et al., 1982a). In 
this quantitative analysis of the polyacrylamide gel 
electrophoresis (PAGE) separated pigment proteins 
of whole chloroplasts it was shown that Chi b as well 
as lutein and neoxanthin are enriched in the LHCPs 
as compared to whole chloroplasts. In contrast, /?- 
carotene is specifically associated with Chi a in the 
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two photosynthetic reaction centers of PS I and PS II 
bound to the Chi-carotenoid proteins CPI and CPa, 
where P-carotene functions in the photoprotection of 
the reaction center Chls. More recent analysis of ca- 
rotenoidbinding characteristics, in the reconstitution 
of recombinant proteins, has shown lutein, neoxanthin 
and violaxanthin to bind stoichiometrically to specific 
sites of peripheral LHC IIs and core proteins CP29, 
CP26, CP23 and possibly also in CP22. De-epoxidiz- 
able violaxanthin (zeaxanthin cycle) binds loosely. 
P-carotene is present in D1/D2 proteins but also in 
CP43 and CP 47 all of which are part of CPa (see a 
review by Bassi and Caffari, 2000). Since 80% (and 
in certain aurea plants of tobacco, up to 90%) of vio- 
laxanthin can be de-epoxidized to zeaxanthin under 
high-light conditions (Lichtenthaler et al., 1992) and 
since at least 10% or more of the total chloroplast 
violaxanthin is bound to the chloroplast envelope 
(Lichtenthaler et al., 1981a), the amounts of total 
chloroplast violaxanthin binding to the peripheral 
LHC IIs and certain core proteins, as deduced from 
such binding studies with the recombinant proteins, 
must be fairly low. The light-harvesting complex 
LHC I contains Chi a and b in a ratio of ca. 3 to 1 as 
is the case for whole chloroplasts. LHC I also contains 
P-carotene, lutein, neoxanthin and violaxanthin. 

As mentioned above, the major part of all the 
xanthophyll violaxanthin is not specifically bound to 
any of the photosynthetic pigment-protein complexes 
and appears to be freely distributed in the thylakoids. 
Thus, upon gel electrophoresis of thylakoid pigment 
proteins with mild detergents, violaxanthin is found 
primarily in the free pigment fraction (Lichtentha- 
ler et al., 1982a). At high irradiance above the light 
saturation of photosynthetic net C0 2 -assimilation, 
the largest proportion of violaxanthin (ca. 80 to 90%) 
becomes photoreduced via antheraxanthin to its de- 
epoxy derivative zeaxanthin which functions in the 
photoprotection of Photosystem II (Lichtenthaler 
et al., 1992; Demmig-Adams and Adams, 1993; 
Schindler and Lichtenthaler, 1994, 1996; see also 
Chapters 18, Krause and Jahns; 21, Gilmore; as well 
as 20, Golan et al.). 

Zeaxanthin can cause a considerable non-photo- 
chemical quenching of Chi a fluorescence (Krause 
and Weis, 1991; Demmig-Adams and Adams, 1993), 
which particularly shows up during photoinhibition 
treatments (Lichtenthaler et al., 1992; Lichtenthaler 
and Burkart, 1999). However, there exist also zea- 
xanthin-independent quenching mechanisms of Clil 
fluorescence (Lichtenthaler et al., 1992; ScMndler 



and Lichtenthaler, 1994, 1996). Whereas the major 
part of violaxantMn is bound to thylakoids, a small 
portion (10 to 15%) is localized as an integral com- 
ponent in the cMoroplast envelope (Lichtenthaler et 
al., 1981a). TMs portion cannot be photoreduced to 
zeaxanthin, and seems to function as source for the 
biosynthesis of abscisic acid which is known to be 
formed via the non-mevalonate plastidic isoprenoid 
DOXP/MEP-pathway from violaxanthin e.g. under 
water stress conditions (Milborrow and Lee, 1998; 
Liotenberg et al., 1999). 

B. Function of the Photosynthetic Pigments 

The differential distribution ofthe photosynthetic pig- 
ments in several pigment proteins of thylakoids shows 
that Chls a and b as well as the different carotenoids 
possess distinct functions in the photosynthetic light 
reactions. CM a. in the reaction centers RCI and RCII, 
functions in the photosynthetic quantum conversion. 
All CM b, as the major accessory pigment, and most 
of CM a serve in the light harvesting antennas LHC II 
and LHC I in the absorption of light and the transfer 
of excited states (exciton migration) to the reaction 
centers. The xanthophylls lutein and neoxanthin are 
abundant in the light harvesting pigment proteins of 
LHC II (Lichtenthaler et al., 1982a) and are active 
as accessory pigments in photosynthetic quantum 
absorption by transferring their excited states to 
Chls. P-carotene, which is accompanied in some 
plants by a-carotene, functions in both reaction 
centers in the photoprotection of the reaction center 
Chls, apparently by taking over excited states from 
triplet or singlet CM a forms and by thermal dissipa- 
tion of this excitation energy. How often p-carotene 
can perform this function before itself becoming 
destroyed or oxidized (perhaps to zeaxanthin?), is 
so far unknown. 

C. Role of Xanthophyll Cycle Carotenoids 

Violaxanthin together with antheraxanthin and 
zeaxanthin are components of the photoprotective 
xanthophyll cycle, which operates at high-light 
conditions (Lichtenthaler etal., 1992; Demmig-Ad- 
ams and Adams, 1993; Schindler and Lichtenthaler, 
1994, 1996). According to R Horton and co-work- 
ers (Horton et al., 1991; Ruban and Horton; 1995; 
also see Havaux and Gruszecki, 1993; Chapter 19, 
Bruce and Vasil’ev) zeaxantMn and its mono-epoxy 
derivative antheraxanthin do not directly dissipate 
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excited pigment states, but through conformational 
changes in LHC II; a considerable non-photochemi- 
cal quenching of Photosystem II Chi fluorescence 
occurs, because the excited states of the LHC II 
antenna can no longer be transferred to RCII. In this 
view, this function is very essential to prevent a fast 
photoinhibition of Photosystem II. 

There also exists another concept for the photopro - 
tective mechanism of zeaxanthin according to which 
zeaxanthin would either remove epoxy groups from 
the oxidized double bonds of fatty acids of thylakoid 
glycerolipids or directly react with the highly reactive 
oxygen species (e.g. ‘0 2 , 0 2 '“, OH', 0 3 ) being formed 
under high irradiance conditions (Schindler and Lich- 
tenthaler 1994; Lichtenthaler, 1996). In any case, the 
zeaxanthin, accumulated by a fast photoreduction of 
violaxanthin and in addition by de novo biosynthesis 
during high-light stress of several hours, will remain 
in thylakoids in the subsequent dark (night) or low- 
light conditions for up to 30 or 60 h, as it becomes 
only slowly re-oxidized to violaxanthin. Thus, plants 
that accumulate zeaxanthin on a bright sunny day with 
high-light stress to photoprotect their photosynthetic 
pigment apparatus against photoinhibition and pho- 
tooxidation, are already photoprotected on the next 
day if this is again a clear day with full sun shine. 
This is due to the fact that during the night only a 
small part of zeaxanthin can be converted to violax- 
anthin, whereas the major part cannot. Hence, one 
finds zeaxanthin primarily in sun leaves and leaves of 
high-light (HL) plants after sunny periods, whereas 
shade leaves and leaves of low-light (LL) plants do 
not possess zeaxanthin but only its oxidized form 
violaxanthin (diepoxy-zeaxanthin) with some traces 
of antheraxanthin (monoepoxy-zeaxanthin). 

At continuous high irradiances far above the light 
saturation of photosynthetic C0 2 -fixation, which for 
many plants lies in the range of 300 to 900 umol 
photons nrV 1 , the photoreduction of violaxanthin 
to zeaxanthin is completed within 5 min. Yet the 
zeaxanthin level further increases in many plants by 
de novo formation of zeaxant h in. In fact, in the yel- 
lowish-green leaves of an aurea variety of tobacco the 
initial zeaxanthin amounts, present from HL-induced 
violaxanthin reduction, double within 5h of exces- 
sive high light exposure by de novo accumulation 
(Schindler and Lichtenthaler, 1994). Those plants, 
like the tobacco aurea mutant Su/su, which possess 
a high capacity for de novo p-carotene biosynthesis 
and zeaxanthin accumulation, are better protected 
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against photoinhibition of the RCII of their photosyn- 
thetic apparatus (Schindler and Lichtenthaler, 1994) 
than normal green tobacco or other green plants, 
which possess only a limited capacity for additional 
zeaxanthin accumulation by de novo biosynthesis 
(Lichtenthaler et al., 1992). Further, the level of 
the other carotenoids, lutein and neoxanthin, do not 
significantly change under HL-stress-conditions, 
only the level of P-carotene can show a slight decline 
indicating an enhanced breakdown or turnover. 

Trebst and Depka (1997) have presented a new 
concept for the cause of de novo biosynthesis of 
zeaxanthin during HL-events. The continuous 
zeaxanthin accumulation by de novo biosynthesis 
at high irradiances could derive from a continuous 
oxidation of P-carotene in the reaction center, RCII, 
to its dihydroxy derivative zeaxanthin, as was shown 
in Chlamydomonas cultures kept at high irradiance. 
In the latter case, P-carotene being formed by de 
novo biosynthesis apparently replaces the P-carotene 
photo-oxidized to zeaxanthin, restores the reaction 
centers, RCII, and can itself also become oxidized. 
This seems to be a continuous process at HL-condi- 
tions. It has long been known that p-carotene has a 
high labeling and turnover rate (Grumbach et al., 
1978; Lichtenthaler et al., 1982b) and the labeling 
rate is enhanced at high irradiances (Grumbach and 
Lichtenthaler, 1982). Both observations are consis- 
tent with the new concept of a high-light induced 
P-carotene oxidation to zeaxant h i n . 



II. Light Adaptation of Pigment Composi- 
tion and Chloroplast Function 

A. Adaptation of the Photosynthetic 
Apparatus 

The ultrastructure, the pigment composition and the 
function of chloroplasts can efficiently be adapted ei- 
ther to high light (HL) or to low light (LL) conditions 
(Lichtenthaler, 1979, 1981). In nature the high-light 
condition is found at full sun light exposure e.g. in 
sun leaves of trees and in herbaceous sun or HL- 
plants, whereas the low-light condition is found in 
shade leaves of trees and in shade or LL-plants. The 
result of chloroplast adaptation is either sun-type and 
high-light chloroplasts or shade-type and low-light 
chloroplasts which exhibit considerable differences 
in their thylakoid frequency, their level of the light- 
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Sun-tvpe Chloroplast 

(high-light chloroplast) 
(blue light) 



1 . Low amounts of thylakoids 
per chloroplast section 

2. Narrow grana stacks (width: 0.2 pm) 

3. Few thylakoids per granum 

4. Low stacking degree 

5. More exposed membranes 

6. Higher proportion of 
Chi a-proteins CPI and CPIa 
(small antenna size) 

7. Higher Chi a/b ratios: 2.9 - 3.4 

8. Large starch grains 

9. Many and large plastoglobuli 

10. Lower chlorophyll content 
per chloroplast 

1 1 Low values for the pigment 
ratio (a+b)/(x+c) of 4.3 to 5.5 

12. More plastoquinone-9 and 
phylloquinone Ki per chlorophyll 

13. More electron transport chains 
per total chlorophyll 

14. High Rfd-values: 3 - 5 

15. High rates of net C0 2 
assimilation P N 

16. Light saturation of P N at a 
high photon flux density 




Shade-type Chloroplast 

(low-light chloroplast) 
(red light) 



1 . High thylakoid frequency per 
chloroplast section 

2. Broad grana stacks (width: 0.4 pm) 

3. High grana stacks with 

many thylakoids 

4. High stacking degree 

5. More appressed thylakoids 

6. High amounts of light-harvesting 
Chi a/b-proteins LHC-II (LHCPs) 
(large antenna size) 

7. Low Chi a/b ratios: 2.4 - 2.7 

8. No starch 

9. Few small plastoglobuli 

10. More total chlorophyll 
per chloroplast 

1 1 . High values for the pigment 
ratio (a+b)/(x+c) of 5.5 to 7.0 

12. Low amounts of plastoquinone-9 
and phylloquinone Ki 

1 3. Less electron transport chains 
per total chlorophyll 

14. Low Rfd-values: 1.5 - 2.8 

1 5. Low rates of net C0 2 
assimilation P N 

16. Early light saturation of P N 



Fig. 1. Differences in ultrastructure, pigment composition, chlorophyll fluorescence, photosynthetic rates and light saturation of sun-type 
and shade-type chloroplasts which are adapted to either high-light (HL) or low-light (LL) growth conditions. The conversion of sun-type 
chloroplasts with a small pigment antenna to shade-type chloroplasts with a large pigment antenna proceeds relatively fast for some of 
the listed parameters and is completed within 5 to 7 days after transfer of plants from one to another light condition. The development 
of either sun-type or shade-type chloroplasts is also controlled by light quality; blue light induces the formation of sun-type chloroplasts 
and red light that of shade-type chloroplasts. The parameters indicated above were determined either from electron micrographs (e.g. 
1 to 5 and 9), from chloroplasts (6, 7, 1 0— 13) and in intact leaves (14-16). (Based on Lichtenthaler, 1981; Lichtenthaler et al., 1981b, 
1982 b,c, 1984; Meier and Lichtenthaler, 1981; Lichtenthaler and Meier, 1984; Lichtenthaler and Burkart, 1999). 



harvesting pigment proteins LHC II and of appressed 
thylakoid membranes as well as in their electron 
transport rates and photosynthetic C0 2 fixation rates 
(Lichtenthaler et al., 1981b, 1982c, d, 1984; Meier 
and Lichtenthaler, 1981; Lichtenthaler and Meier, 
1984; Lichtenthaler et al., 1984). This differential 



composition and function of HL and LL-chloroplasts 
is shown in Fig. 1 . 

The sun-type or HL chloroplasts of light-exposed 
plants and sun leaves possess a smaller antenna size 
than LL-chloroplasts (Grahl and Wild, 1972; Fork 
and Govindjee, 1980; Lichtenthaler et al., 1982 c,d; 
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Wild et al., 1986; Wild and Ball, 1997) and primarily 
invest into the photosynthetic quantum conversion of 
the absorbed light energy. Thus, they exhibit relatively 
high light-saturation points of photosynthetic C0 2 
fixation at an irradiance of 500 to 1000 pmol photons 
m 2 s HL-chloroplasts exhibit many more reaction 
centers and electron transport chains on a Chi basis 
and much fewer light harvesting Chi proteins LHC II 
as well as fewer and smaller grana thylakoids than 
the shade-type or LL-chloroplasts of shade plants 
and shade leaves. In contrast, shade-type chloroplasts 
predominantly invest into the light absorption appa- 
ratus and possess a large antenna size with the aim of 
sufficiently absorbing all of the light reaching their 
shady low-light stands (Fork and Govindjee, 1980; 
Malkin and Fork, 1981; Malkin etal., 1981; Wild and 
Ball, 1997). As a consequence, the LL-chloroplasts 
possess a much higher thy lakoid frequency with high 
and broad grana stacks and much higher amounts 
of the light harvesting Chi a/b proteins (LHCPs) 
of LHC II (Lichtenthaler et al., 1982c,d) which are 
known to cause the thylakoid stacking. 

Although they are efficient in light absorption, 
the LL-chloroplasts possess a low capacity for 
photosynthetic quantum conversion, low electron 
transport rates and a very early light-saturation of 
photosynthetic C0 2 fixation (Lichtenthaler, 198 lb), in 
general at irradiances between 50 to 200 pmol photons 
nr 2 s _1 . As a consequence, LL-chloroplasts and shade 
leaves are much more sensitive to photoinhibition and 
photooxidative degradation than HL-chloroplasts and 
sun-type chloroplasts with their high photosynthetic 
quantum conversion capacity. 

The differences in photosynthetic quantum con- 
version between sun and shade leaves or high-light 
and low-light plants are also documented in various 
parameters of the Chi fluorescence such as the ratios 
Fv/Fm, Fv/Fo and the Rfd-values as well as in the net 
C0 2 -fixation rates (P N ) determined with a C0 2 /H 2 0 
porometer (Table 1 ). The higher P N -rates of sun leaves 
as compared to shade leaves are found throughout 
the vegetation period from May to the beginning of 
September with a maximum difference in July (Fig. 
2). Dry and hot summer periods with full sun shine 
starting in Central Europe in mid- July, and lasting 
through August, will lower the P N -rates, especially in 
the sun leaves. In the cooler September weeks with 
rain, a stabilization of P N -rates in sun leaves or even 
an increase in shade leaves can occur, before the 
autumnal senescence becomes predominant. 
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Table 1. Differences m photosynthetic quantum conversion, at high 
light intensities, between fully functional shade and sun leaves 
of beech ( Fagus sylvatica L.) and leaves of low-light (LL) and 
high-light (HL) radish plants ( Raphanus sativus L.) as inferred 
from several chlorophyll fluorescence parameters and ratios as 
well as in the net C0 2 -flxation rates P N . Mean of 7 determina- 
tions (SD < 4%). The differences between sun and shade leaves 
or HL and LL-leaves are significant with P < 0.0 1 , except Fv and 
Fv/Fm with P < 0.05. 



Beech 


Shade leaves 


Sun leaves 


Fo 


34 


14 


Fm 


120 


82 


Fv 


86 


68 


Fd 


79 


64 


Fs 


41 


17 


Fv/Fm 


0.72 


0.83 


Fv/Fo 


2.53 


4.86 


R Fd (Fd/Fs) 


1.93 


4.13 


Pn 


3.1 


8.5 


Radish 


LL-leaves 


HL- leaves 


Fv/Fm 


0.73 


0.86 


Fv/Fo 


2.3 


3.6 


Ppd 


1.6 


3.1 


Pn 


2,7 


6.4 



Fo, Fm, Fv = initial, maximum and variable Chi fluorescence, 
respectively, Fd = Chi fluorescence decrease, Fs = steady state 
fluorescence; all parameters are given in relative units. The Chi 
fluorescence induction kinetics were measured in the red 690 nm 
band (F690), where the fluorescence changes have a much larger 
amplitude than in the far-red 735 nm fluorescence band (F735) 
usually determined in the PAM-fluorometer. The R Fd -values 
defined as ratio Fd/Fs are indicators of the photo synthetic rates 
( Lichtenthaler and Rmderle, 1988a; Babani and Lichtenthaler, 
1996; Tuba et al., 1994) as also indicated in Fig. 5. The P N values 
given are expressed on a leaf area basis as pmol C0 2 nr 2 s~ 1 . 

B. Differences in Pigment Composition of 
Sun-type and Shade-type Chloroplasts 

Shade-type chloroplasts, which on a Chi basis ex- 
hibit higher amounts of light-harvesting Clil proteins 
(Lichtenthaler etal., 1 982c, d), possess a considerably 
larger antenna than sun-type chloroplasts, which on a 
Chi basis have more photosystems and electron trans- 
port chains. Because of the much lower levels of the 
light-harvesting Chl-xanthophyll proteins (LHCPs) 
of LHC II of sun-type chloroplasts in sun leaves and 
leaves of high-light plants, their pigment composition 
is quite different from that of shade-type chloroplasts 
in shade leaves and leaves of low-light plants. The 
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Fig. 2. Differences in the photosynthetic C0 2 assimilation rates 
(P N ) in sun and shade leaves of the beech ( Fagus sylvatica L.) 
during the course of the vegetation period. The differences in P N 
rates are largest from mid-June to mid-July. Thereafter the P N rates 
decline, particularly in dry and hot periods from end-July through 
August. The P N rates can be stabilized or increase slightly in the 
cooler periods of mid-September to mid-October (depending on 
the year) before they decrease with the autumnal chlorophyll 
breakdown. Mean values of at least 6 leaves per each point. The 
differences between sun and shade leaves from May to August 
are highly significant (p < 0.001). The P N -rates are given on a 
leaf area basis as gmol C0 2 m 2 s '.The differences in P N -rates of 
sun and shade leaves are found in other plants too (see Fig. 5). 
(Lichtenthaler 1999-2001, unpublished). 



standard rule of Willstatter and Stoll (1918) as well 
as Seybold and Egle ( 1 937, 1 938) is that green plants 
and green algae possess Chi a and b in a ratio of 
about 3: 1 . There are, however, distinct modifications 
in the Chi a/b ratio induced by high-light or low-light 
chloroplast adaptations which primarily affect the 
level of the pigment antenna LHC II (Lichtenthaler 
etal., 1982c,d). 

Since the light harvesting Chi proteins (LHCPs) 
of LHC II contain Chi a and b in the ratio of 1.1 
to 1.3 (Lichtenthaler et al. 1982a), the shade-type 
and LL-chloroplasts with their higher proportion of 
LHCPs and LHC II per total Chi (Lichtenthaler et al., 
1982c,d) possess significantly lower values for the 
ratio Chi a/b (range 2.4-2. 8) than sun-type or HL- 
chloroplasts (range 2. 9-3. 6) (see Table 2). Leaves of 
aurea plants, mutants being particularly poor in total 
Chi, in Chi b and in LHC II, exhibit even higher Chi 
a/b ratios of 3.5 to 5.0 (Schindler et al., 1994). 

Shade and LL-leaves are thinner and possess a 
larger average area than sun or HL-leaves. In fact, 
their total Chi and carotenoid content per unit leaf 
area is considerably lower than in sun or HL-leaves 
(Table 2) which possess longer palisade parenchyma 



Table 2. Differences in the content of the photosynthetic prenyl pigments Chls a +b and total 
carotenoids x+c (x = xanthophylls, c = carotenes) and in several pigment ratios between young, 
fully developed shade leaves and leaves of low-light (LL) plants and sun leaves and leaves 
of high-light (HL) plants. The level of pigments is indicated in pg per cm 2 leaf area. When 
multiplied by 1 0 the values correspond to mg - m 2 leaf area, another often used reference unit. 
The pigment ratios given here are weight ratios. The values of the average range of plants are 
based on more than 250 pigment determinations in sun and shade as well as HL and LL leaves 
of 40 different plant species. LL-plants were grown at a Photosynthetic Photon Flux Density 
(PPFD) of 50 to 150 pmol photons m 2 s ' and HL-plants at a PPFD of 800 to 1000 photons 
pmol m 2 s '. The differences in the average values between the two leaf types of beech and 
radish arc highly significant (p < 0.001 ). 



Average range 


Shade or LL leaves 


Sun or HL leaves 


Chi a+b 


30-45 


40-70 


x+c 


5.2-9. 5 


9-14 


Chi a/b 


2. 3-2.8 


2. 8-3. 6 


x/c 


2. 1-3.5 


1.3 -2.3 


Chi (a+b)/(x+c) 


5.4-7. 0 


4. 3-5. 7 


Beech (Fagus sylvatica) 


Shade leaves 


Sun leaves 


Chi a+b 


38—45 


50-70 


x+c 


6. 6-9. 5 


10.5-14 


Chi a/b 


2. 3-2.8 


2. 9-3. 5 


x/c 


2. 1-3.2 


1.3-1 .7 


Chi (a+b)/(x+c) 


5.7-6. 1 


4. 3-5. 7 


Radish ( Raphanus sativus ) 


LL-leaves 


HL-1 caves 


Chi a/b 


2.65 ±0.1 


3.15 ±0.2 


x/c 


3.10 ±0.3 


1.70 ±0.2 


Chi (a+b)/(x+c) 


6.34 ± 0.4 


5.10 ±0.3 
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cells and often also two rows of palisade cells (e.g. 
sun leaves of the beech; Lichtenthaler et al., 198 lb). 
Since shade and LL-leaves possess a much higher 
water content (70 to 95% of the fresh weight ) than sun 
or HL-leaves (50 to 70% of fresh weight), the level of 
Clils (a+b) and total carotenoids (x+c) is muchhigher 
in shade and LL-leaves when dry weight is applied 
as a reference system. Shade leaves of beech ( Fagus 
sylvatica) contain 12 mg Chi a+b and 2.3 mg x+c 
per g dry weight, whereas sun-leaves only possess 
6.3 mg Chi a+b and 1.6 mg x+c per g dry weight. 
Similar Chi level differences are found also between 
the leaves of LL- and HL-plants when dry weight is 
used as a reference. 

A further essential difference between sun-type 
and shade-type chloroplasts is the fact that shade or 
LL-chloroplasts with respect to total Chls possess 
relatively lower proportions of total carotenoids x+c. 
This is seen in significantly higher values in the ratio 
of Clils to carotenoids (a+b)/(x+c) than in sun-type or 
HL-chloroplasts as shown in Table 2. The ratio Chi 
(a+b)/(x+c) is thus a certain measure for the greenness 
of leaves with respect to the relative amounts of the 
yellow carotenoids and it represents — together with 
the Chi a/b ratio — a very good marker for the HL 
or LL adaptation of chloroplasts. 

Since the LHC IIs primarily contain the two xan- 
thophylls lutein and neoxanthin, whereas p-carotene 
is preferentially bound to the two reaction centers RCI 
and RCII and the PS II core complexes CP43 and 
CP47, the higher LHC II content of shade-type and 
LL-chloroplasts also results in higher relative levels 
of xanthophylls than |3-carotene. As a consequence, 
the weight ratio of xanthophylls to carotenes (x/c) 
exhibits higher values in shade and LL-leaves than 
in sun and HL-leaves (Table 2). In the latter leaves, 
P-carotene makes up 30 to 38% of total carotenoids 
and in shade and LL-leaves only 21 to 29%. Thus, 
the old observation of Seybold and Egle (1937) (then 
based on chromatography of pigments using sugar 
columns) that in sun leaves the higher Chi a/b ratios 
are correlated with lower values for the ratio x/c are 
fully confirmed with the modern high pressure liquid 
chromatography (HPLC) techniques for pigment 
isolation, used in recent research. 

Leaves of trees exposed to north (north leaves), 
which primarily receive the blue sky light (Seybold 
and Egle, 1937,1938), exhibit a pigment content and 
pigment ratios which are between those of shade and 
sun leaves. Thus, they are often referred to as ‘north 
shade leaves.’ Also their photosynthetic rates (P N ) 
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range between those of sun and shade leaves. ‘Half 
shade leaves’ are those leaves that receive direct sun 
light only for a short period during the day and are 
in full shade for the larger rest of the day. Their pig- 
ment composition and P N rates also range between 
sun and full shade leaves. In all leaf types, the highest 
P-carotene content and the lowest values for the ratio 
x/c are found in the Northern Hemisphere in fully 
developed green leaves between May and July. In 
dry hot summers during various stress events, such 
as high irradiance, heat and water stress, the relative 
level of P-carotene can decrease, which then is seen 
in somewhat higher values of the x/c ratio (increase 
e.g. from 2.5 to 4.0) as compared to the preceding 
time period (May to beginning July). 

C. Changes of Pigment Ratios During Sum- 
mer Stress Periods 

Under the influence of various stressors and during 
senescence, Clils are degraded at a much higher rate 
than the carotenoids which can become deposited 
in the osmiophilic plastoglobuli whose number and 
size increases during senescence and increasing age 
of leaves (Lichtenthaler, 1969; Lichtenthaler and 
Weinert, 1970). During the natural autumnal Chi 
breakdown the LHCPs of LHC II with their low Chi 
a/b ratios are generally degraded somewhat faster 
than the reaction center Chi a-proteins bound to 
CPa or CPI. This is indicated in a slight increase in 
the values of the Chi a/b ratio and in a progressing 
decrease of the pigment ratio Chi (a+b)/(x+c) which 
declines from values of 5 to 7 via 4 and 2-3 to final 
values of <1.0 at very low Chi levels below 5 ug 
Chi a+b cm -2 leaf area (see below). The changes in 
the minor antenna complexes CP29, CP26, CP24, 
CP22, which can also contain small stoichiometric 
amounts of Chi a and Chi b, the xanthophylls lutein, 
neoxanthin, violaxanthin or zeaxanthin, have not yet 
been studied. 

Most stressors, when acting shortly for hours or 
a few days, cause only a partial breakdown of Chls 
by photooxidation. This is indicated by a decrease 
of the pigment ratio Chl(a+b)/(x+c) from values 
of 7 to 5 to values of 4.5 to 3.5. The highest values 
of Chi (a+b)/(x+c), which are associated with the 
highest levels of Chi a+b, are found in the Northern 
Hemisphere in young, frilly developed sun and shade 
leaves in May and June. Starting from mid-July or 
early August, the values of the ratio Chls/carotenoids 
slowly, but continuously decline by 20 to 30% until 
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October, when the actual autumnal senescence break- 
down of chloroplasts and their Chl-carotenoid-pro- 
teins starts. The slow decrease in Chi a+b levels and 
in the values of the ratio Chl(a+b)/(x+c) during the 
summer period proceeds particularly in sun exposed 
leaves and HL-plants which are repeatedly exposed to 
combined high-light, water and heat stress, whereas 
the shade leaves or leaves of LL-plants are much 
less affected. The decrease of the values of the ratio 
Chl(a+b)/(x+c) is indeed a very early stress indicator 
found at high light exposure conditions and other 
stress constraints. These values are also indicators 
of strain to the plants, a response to stress exposure 
before damage to the photosynthetic function and a 
decline in photosynthetic rates occurs (cf. Lichten- 
thaler, 1996 and 1998). Since total carotenoids can 
easily be determined together with Chi a and Chi b 
in the same pigment extract solution (Lichtenthaler, 
1987a), one should apply the determination of this 
pigment ratio Chl(a+b)/(x+c) to all environmental 
stress and senescence investigations in order to learn 
about the actual pigment composition and the strain 
and stress exposure history of the photosynthetic 
apparatus of a plant at a particular stand. 

III. Chlorophyll Fluorescence Parameters 
as Indicators of Photosynthetic Function 

A. Fluorescence Induction Kinetics and Fluo- 
rescence Decrease Ratio (Revalues) 

Various Chi fluorescence parameters and ratios 
have been established as non-invasive indicators of 
the functionality of the photosynthetic apparatus 
(Papageorgiou, 1975; Schreiberetal., 1986; Lichten- 
thaler and Rinderle, 1988a; Krause and Weis, 1991; 
Govindjee, 1995; Lichtenthaler et al., 1998). Most 
of these parameters and ratios are determined by the 
light-induced Chi fluorescence induction kinetics 
of dark-adapted leaves (Fig. 3) known as ‘Kautsky 
effect’ (Kautsky and Hirsch, 1931; see review by 
Lichtenthaler, 1992). The initial Chi fluorescence Fo 
basically originates from almost all of the pigment 
antenna of Photosystem 11. It appears, however, to 
contain a small proportion of PS I fluorescence also, 
but the contribution of the latter is very small at 
room temperature as has been shown by a correction 
of the emitted Chi fluorescence via absorption and 
reflectance measurements (Gitelson et al., 1 998). The 
variable Chi fluorescence, Fv, is also emitted from the 



Chlorophyll Fluorescence Kinetics 
1 State 2 j State 1 j 




Fo = Initial fluorescence 
Fv = Variable fluorescence 
Fm = Maximum fluorescence 
Fd = Fluorescence decrease 
Fs = Steady state fluorescence 

R Fd = Fluorescence decrease ratio , 

a measure of photosynthetic quantum 
conversion (indicator of 

Fig. 3. Light-induced Chi fluorescence induction kinetics (Kautsky 
effect) in 20 min pre-darkened green, photosynthetically active 
leaves. Upon illumination, the Chi fluorescence rises from Fo to 
the maximum Fm (within 1 00 to 200 ms) and then declines with 
the onset of photosynthctic C0 2 -fixation, within 3 to 5 min, to a 
much lower steady state fluorescence, Fs, which in fully photo- 
synthetically active leaves is slightly above the level of Fo. Fd is 
the Chi fluorescence decrease from Fm to Fs (Fm - Fs). The Chi 
fluorescence decrease ratio R Fd , defined as ratio Fd/Fs, correlates 
with the potential photosynthetic rates (P N ) of leaves (Lichtenthaler 
and Rinderle, 1 988; Lichtenthaler and Babani, 1 996) as shown for 
several sun and shade leaves (see Fig. 5). The induction kinetics 
and Revalues are determined at a high photon flux density at or 
near the light saturation point of the photosynthetic C0 2 -fixation 
P N (He/N e-laser, X = 632.8 nm; PPFD > 600 pmol m 2 s ')• Fm is 
determined in the dark-adapted state (state 2) of the photosynthetic 
apparatus and Fs in its light-adapted state (state 1). 



antenna of PS II, but as a consequence of the closure 
of the reaction center II. 

In shade leaves, which are always considerably 
thinner than sun or high-light leaves, the values of 
the Chi fluorescence Fo measured at the leaf surface 
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are higher than in sun leaves, which is due to their 
larger antenna size (Malkin and Fork, 1981; Malkin 
et al., 1981; Wild and Ball, 1997) as indicated by 
the considerably higher amounts of the Chi a/b pig- 
ment antenna LHC II per total Chi (Lichtenthaler 
et al., 1982 c,d) on the one hand and a fairly low 
reabsorption of the emitted red Chi fluorescence on 
the other. In contrast, sun leaves and leaves of high- 
light plants possess thicker leaves with a smaller leaf 
area, but a higher Chi content per leaf area unit. As 
a consequence, the values of their Chi fluorescence 
parameters Fv, Fo, Fm, Fd and Fs are lower than in 
shade leaves or leaves of low light plants (cf. Table 1). 
This is due to the fact that the red Chi fluorescence 
band F690 (peak near 690 nm) overlaps with the in 
vivo absorption bands of Chi a in the pigment proteins 
of thylakoids and therefore is reabsorbed to a much 
larger extent in the thicker sun than in the relatively 
thin shade leaves (Gitelsonetal., 1998; Lichtenthaler 
et al., 1998). In greening leaves with continuously 
increasing Chi content, the reabsorption of the red 
Chi fluorescence (F690 band) by the in vivo Chi 
forms of chloroplasts steadily increases and is also 
much higher in the thicker sun and HL-leaves with 
their higher Chi content per leaf area unit than in the 
thinner shade and LL-leaves. 

In contrast to the values of the Chi fluorescence pa- 
rameters, such as Fd, Fo, Fm, Fv or Fs, the functional 
values of the Chi fluorescence ratios are increased 
in sun and HL-leaves (Table 1). The ratio Fv/Fm 
is slightly higher, but Fv/Fo and the R Fd - values are 
considerably higher in leaves with sun-type than 
shade-type chloroplasts, thus reflecting their higher 
capacity for photosynthetic quantum conversion and 
C 0,-fixation. The Chi fluorescence ratios Fv/Fo and 
Fd/Fs (= ratio R Fd ) are very similar indicators of the 
potential photosynthetic quantum conversion capacity 
of leaves (Lichtenthaler and Rinderle, 1988a; Babani 
and Lichtenthaler, 1996). Fv/Fo is determined from 
the Chi fluorescence rise kinetics and reflects the 
dark-adapted ‘state 2 ’ of the photosynthetic apparatus . 
(See Chapter 1 7, Allen and Mullineaux, for a discus- 
sion of state changes.) In contrast, the Revalues 
(ratio Fd/Fs) are determined by the Chi fluorescence 
decrease kinetics and comprise, besides Fm, also Fs 
of the light-adapted „state 1 ’ of the photosynthetic 
apparatus during active photosynthetic C0 2 fixation 
at steady state conditions which are reached 3 to 5 
min after the onset of illumination (Fig. 3). Hence, the 
Revalues indicate whether the potential photosyn- 
thetic capacity indicated by Fv/Fo is, in fact, achieved 
and maintained under the steady state conditions of 
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photosynthetic C0 2 fixation. 

The Chi fluorescence decrease ratio R Fd has been 
termed vitality index of the photosynthetic appara- 
tus of leaves as it indicates the functionality of the 
complete photosynthetic processes from quantum 
conversion to CO, fixation under steady state condi- 
tions. Thus, under normal physiological conditions, 
when plants contain a frilly intact photosynthetic 
apparatus, both Chi fluorescence ratios, Fv/Fo and 
Revalues, are directly correlated with the net P N rates 
(Table 1). However, under stress conditions, the ratio 
Fv/Fo (and also Fv/Fm ) measured in the dark-adapted 
‘state 2 ’often remain the same and decline relatively 
late despite the stress. In contrast, the Rfd-values are 
very sensitive to different individual stressors as well 
as to a combined action of several stressors, since 
the steady state fluorescence Fs quickly increases 
to Fs' or Fs" (see Fig. 4) at times when Fv/Fm and 
Fv/Fo measured in the dark-adapted ‘state 2’ of the 
photosynthetic apparatus can still indicate a presum- 
able functional state of the photosynthetic quantum 
conversion apparatus which, however, cannot be 
maintained under the light-adapted steady-state 
conditions of ‘state 1’. 

For reasons, discussed above, the Revalues reflect 
much better the actual photosynthetic P N rates than the 
ratios Fv/Fo or Fv/Fm. Thus, R Fd - values are the fluo- 
rescence ratio of choice to judge the photosynthetic 
performances of leaves in ecophysiological studies 
or stress investigations. Revalues, when measured 
under conditions of open stomata, fully correlate with 
the net C0 2 -fixation rates of leaves (Fig. 5) and reflect 
the differential photosynthetic activity of leaves, 
whereby the much higher photosynthetic quantum 
conversion rates of sun as compared to shade leaves 
can be screened with great distinction. For the cor- 
relation of R Fd - values and P N rates during greening 
of leaves, see also Babani and Lichtenthaler (1996) 
and Tuba et al. (1994). Atwater stress conditions and 
hence at predominantly closed stomata. Revalues 
indicate whether the photosynthetic apparatus is 
still functionally intact or becomes increasingly 
damaged. At short-term water stress (a few hours), 
the Revalues can remain the same also at closed 
stomata, whereas at long-term water-stress (days, 
weeks) their decline indicates progressive damage 
of the photosynthetic apparatus. 

B. Pulse Amplitude Modulated (PAM)-Fluo- 
rometer and Revalues as Vitality Index 

The pulse and amplitude modulated Chi fluorometer 
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Chlorophyll Fluorescence Kinetics 




Dark Illumination time [min] Dark 



Fo = Initial fluorescence 
Fv = Variable fluorescence 
Fm = Maximum fluorescence 
Fs = Steady state fluorescence 
Fs Fs ” = Steady state fluorescence 
under increasing stress 

Fig. 4. Changes in Chi fluorescence induction kinetics (Kautsky 
effect) in photosynthetically active leaves with increasing water 
stress. At water stress conditions, Fo and Fm arc initially the same 
as in controls. Also the decrease from Fm towards Fs starts in the 
first 40 to 60 s at the same rate as in unstressed leaves. Thereaf- 
ter, however, and depending on the degree of water deficit, the 
Chi fluorescence decrease is increasingly slowed down, and is 
followed by an increase towards a new steady-state level (Fs' or 
Fs"), which is considerably higher than the Fs level of control 
plants. As a consequence, the Revalues strongly decline. Most 
other stress factors yield the same change in Chi fluorescence 
induction kinetics as water stress with the much higher values of 
the steady state fluorescence Fs' and Fs" than in control leaves. 
Under low stress conditions, Fv, Fo and Fm initially often remain 
the same and correspondingly also the ratios Fv/Fm and Fv/Fo 
as in controls, whereas the Revalues already decline, since 
the potential photosynthetic quantum conversion (indicated by 
Fv/Fm or Fv/Fo) cannot be maintained during the actual steady- 
state of photosynthetic C0 2 -fixation. Thus, Revalues measured 
in the light adapted ‘state 1’ are earlier indicators of changes in 
the photosynthetic quantum conversion and the functionality of 
the photosynthetic apparatus than the ratios Fv/Fm and Fv/Fo 
measured in its dark -adapted ‘state 2.’ (After Lichtcnthaler and 
Rinderlc 1988a, modified). 

PAM (Schreiber et al., 1986; Chapter 1 1, Schreiber) 
provides great possibilities in photosynthesis research 
via determination of quantum use efficiency and the 





Fig. 5. Correlation of the red Chi fluorescence decrease ratio 
R rd (measured near 690 nm) with the net C0 2 fixation rates P N 
of sun and shade leaves of various trees. The sun leaves (upper 
right part) exhibit Revalues > 2.7 and P N -rates > 4.5 pmol C0 2 
m 2 s 1 than the half-shade (see text) or deep shade leaves (lower 
left part). In contrast to some other Chi fluorescence ratios (e.g. 
Fv/Fm and Fv/Fo), the Revalues not only reflect the photosynthetic 
quantum conversion capacity (at high light intensities), but are 
direct indicators of the photosynthetic C0 2 -fixation rates. For this 
reason, R rd - values, providing basic information on the vitality of 
the whole photosynthetic process, have also been termed vitality 
index of the photosynthetic apparatus (Lichtenthalerand Rinderle, 
1 988a) comprising initial quantum conversion, electron transport 
reactions (with ATP and NADPH formation) and photosynthctic 
C0 2 -fixation. The P N rates were measured at 1 1 00 pmol photons 
mV, which is above the light saturation points of sun leaves 
(ca. 800 pmol photons m V) and shade leaves (ca. 300 pmol 
photons m 2 s '). The P N -rates are expressed as pmol C0 2 m 2 s 1 
The Revalues were determined from kinetic measurements ob- 
tained with the Karlsruhe LITWaF fluorometcr. The P N -rates and 
irradianccs are given on a m 2 leaf area. (H. K. Lichtcnthaler, M. 
Knapp and F. Babani 2001, unpublished). 



differentiation between photochemical and non-pho- 
tochemical quenching of Chi fluorescence including 
determination of the photoinhibitory quenching in 
dark relaxation kinetics after high light exposure 
(Lichtenthaler and Burkart, 1999). The Chi fluores- 
cence induction kinetics induced with the usual very 
low actinic light applied in the PAM fluorometers, 
however, cannot be used for the determination of 
Revalues. First of all the traditional PAM instru- 
ment measures Chi fluorescence in the 720 to 740 nm 
region (cf. Haitz and Lichtenthaler, 1988), where the 
light-induced changes are smaller than in the F690 
band. Moreover, the actinic light used for fluorescence 
excitation in the PAM is much too low, hence the Re- 
values would be extremely low (< 1.0). In addition, 
such R Fd -values, measured at low actinic light (e.g. 
50 to 150 pmol photos nr 2 s _1 ), reflect only a small 
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portion of the leaf chloroplasts and therefore are not 
representative of the whole leaf situation. Thus, these 
do not correlate with the P N -rates of C0 2 -fixation as 
we have proved for R Fd - values measured at saturating 
light for leaves of various plants (see Fig. 5). 

In fact, many Chi fluorescence parameters and 
ratios measured with the PAM-fluorometer, such as 
Fv/Fm and Fv/Fo or AF/Fm' (Schindler and Lichten- 
thaler, 1996), are not representative of the whole leaf 
physiology as they reflect primarily the physiology of 
chloroplasts of the upper, outer palisade parenchyma 
cells, where Chi fluorescence is excited and measured. 
Thus, at presumably full photoinhibition of the pho- 
tosynthetic apparatus (as concluded from the decline 
of the fluorescence ratios Fv/Fm, Fv/Fo and AF/Fm ' ) 
maple leaves still showed ca. 70% of the full P N -rates 
of photosynthetic C0 2 -fixation (Schindler and Lich- 
tenthaler, 1996) as the chloroplasts of the lower leaf 
half were still functional. The PAM fluorometer can, 
however, be successfully applied for the determina- 
tion of the leaf-representative R Fd - values, when they 
are not measured with the usually applied low actinic 
light, but by application of the continuous saturating 
white light (of ca. 3000 pmol photons nr 2 s _1 ) for Chi 
fluorescence induction as described by Haitz and 
Lichtenthaler (1988). Measured under such condi- 
tions the Chi fluorescence induction curve shows 
immediately the maximum Fm and then declines 
within 3 to 4 min to the steady state fluorescence 
Fs; from Fm and Fs the Revalues are determined 
as ratio (Fm - Fs)/Fs which is identical to Fd/Fs (see 
Fig. 3). Since PAM-fluorometers are present in many 
laboratories, it is strongly recommended to also de- 
termine, besides other Chi fluorescence parameters, 
the R Fd 735-values, wlii chare representative of whole 
leaf photosynthesis, when measured with a strong 
white light at or above the light saturation of the 
photosynthetic C0 2 -fixation. 



IV. Chlorophyll Fluorescence and Pigment 
Changes During Autumnal Senescence 

A. General Remarks 

In the Northern Flemisphere, the senescence and de- 
cline of the photosynthetic apparatus of green plants 
starts in mid- July or early August, and is seen not 
only in slowly decreasing values for net C0 2 -fixa- 
tion P N (Fig. 2), but also in those of the fluorescence 
ratios Fv/Fo and R Fd as well as in the ratio of green 
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pigments (Chls) to yellow pigments (carotenoids) 
Chls/carotenoids, defined as ratio Chl(a + b)/(x + 
c). During hot and dry summer periods with bright 
sunshine, there can occur stress-induced partial 
photo-oxidative degradation of Chls associated with 
a partial loss of the function of the photosynthetic ap- 
paratus, which can quickly be detected from a partial 
decline in the Revalues. The latter respond not only 
to damage by photoinhibition or photo-oxidation, 
which reduce photosynthetic quantum conversion, 
but also to a decline in the rates of the carbon reduc- 
tion cycle (also known as Calvin-Benson-Bassham 
cycle), since Revalues include the steady state fluo- 
rescence Fs, related to the actual C0 2 -flxation of the 
photosynthetic apparatus. Revalues are indicative 
of the full function of the photosynthetic apparatus 
from quantum conversion via electron transport to 
C0 2 -flxation, even at closed stomata, when C0 2 
fixation can no longer be determined. This is due to 
the fact that in leaves, predarkened for 20 min, even 
with closed stomata there is enough respiratory C0 2 
to fully support photosynthetic C0 2 -fixation for a 
measuring period of 3 to 5 min during which the 
Chi fluorescence induction kinetics and Rfd-values 
are determined. Thus, Revalues are indicative of 
the complete functionality of the photosynthetic 
processes even when stomata are closed. 

During the vegetation period, a partial decline in 
photosynthetic function by shorter or longer heat 
periods, water or high-light stress periods of a few 
hours, days or weeks can be compensated for by 
restoration of photosynthetic function in cooler and 
rainy periods. This can and has been well documented 
in Central Europe in a stress-induced decrease and a 
later restorative increase in the R FD -values when the 
stressors are removed (Lichtenthaler et al., 1989). 
The partially decreased Chi content of leaves can 
repeatedly increase to some extent after dry and hot 
summer stress periods by de novo biosynthesis. The 
values of the pigment ratio Chi (a+b)/(x+c) usually 
do not increase, or increase only very slightly dur- 
ing reaccumulation of Chi, since newly synthesized 
carotenoids are then also accumulated and those set 
free in the preceding stress period remain as well, e.g. 
in the osmiophilic plastoglobuli of the chloroplast 
stroma (Lichtenthaler, 1968). Thus, the summer 
stress-induced lower values of Chi (a+b)/(x+c ) are 
persistent and provide information on the extent of 
stress events to the photosynthetic pigment apparatus 
during the summer periods. The partial breakdown 
of Chls during sunny, dry and hot summer events 
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predominantly affects the breakdown of the Chi a/b 
pigment antemia LHC II which is reduced in order to 
avoid overexcitation and damage of the reaction center 
RCII. Since the light-harvesting pigment proteins of 
LHC II contain Chi a and Chi b in the ratio of 1. 1 to 
1 .3 (Lichtenthaler et al., 1 98 la), a partial breakdown 
of LHC II results in slightly increased values of the 
ratio Chi a/b. Thus, in autumn at the beginning of the 
general senescence the two pigment ratios and the Re- 
values of green leaves can somewhat differ in different 
years and also within the same year between plants of 
different stands due to the light adaptation and to the 
environmental stress events of each particular year 
and stand. In any case, the Chi a/b values are higher 
for sun and HL-leaves (2.9-3. 6) than for shade and 
LL-leaves (2.3-2.8) (cf. Table 2). 

B. Pigment Breakdown and Loss of Function 

hrthe Northern Hemisphere, the autumnal senescence 
of the photosynthetic apparatus and the progressive 
breakdown of Chls and carotenoids, e.g. in leaves 
of deciduous trees, which successively comprise all 
leaves, can start in late September or early October. 
In some years this progressive senescence can be 
much retarded and begin only at the end of October. 
In other years this senescence may already start at 
the beginning of September. During senescence, there 
occurs a continuous and progressive breakdown of 
thylakoids and pigments and a loss of photosynthetic 
function which proceeds over several weeks. Early 
night frosts, however, enhance this senescence pro- 
cess. The autumnal yellowing of green leaves can 
visually be detected only when the ratio of green 
to yellow pigments Chi (a+b)/(x+c) exhibits values 
<4. Due to faster decrease of Chls than carotenoids, 
the initially green leaves change their color first to 
yellowish-green, then greenish-yellow and finally 
yellow. The latter still contain a major part of the 
former thylakoid carotenoids but only trace amounts 
of Chls, and therefore they exhibit Chi (a+b)/(x+c) 
ratios of < 1.0. Since among carotenoids, (3-carotene 
is broken down faster than xanthophylls, the values 
of the weight ratio x/c progressively increase e. g. 
from 2.3 to values of 5 or even higher. 

An essential question is whether during the progres- 
sive breakdown of Chls the photosynthetic function 
is lost very early or whether the still remaining Chi 
amounts still function in photosynthetic quantum 
conversion and guarantee a limited photosynthetic 
C0 2 -fixation. This question could not be followed 



by direct P N measurements, since the net C0 2 fixa- 
tion can decline very early and become zero when 
still medium or low amounts of Chi molecules are 
present. The existence of photosynthetic C0 2 fixation 
is then only documented by a decrease of the C0 2 - 
release measured in the dark (dark respiration rate) 
during the illumination of the leaf, which indicates 
that some photosynthetic C0 2 -frxation still occurs. 
Since the latter cannot compensate the respiration 
rate, the light compensation point of photosynthesis 
is no longer reached. In addition, P N measurements 
using a C0 2 /H 2 0-porometer require the frill or a larger 
part of the leaf area, whereas the Chi breakdown is 
not homogeneous over the leaf. In contrast. Revalues 
and pigment levels can be measured in very small leaf 
areas guaranteeing the screening of the gradients of 
photosynthetic activity over different parts of the leaf 
area. Therefore, the senescence process of pigment 
breakdown was investigated in detail in several plants 
using the Chi fluorescence ratio R Fd as an indicator of 
photosynthetic function (cf. Fig. 5). The Revalues 
then show if the remaining Chi at each senescence 
stage is functionally organized even at decreasing 
and low Chi levels or not. 

The results obtained with plane tree ( Platanus ) 
leaves (Fig. 6) demonstrate that during autumnal Chi 
breakdown the values of the ratio Chi (a+b)/(x+c) 
progressively decline in sun and ‘half-shade ’(see an 
earlier description) leaves, indicating the faster break- 
down of total Chls than total carotenoids . At the same 
time, the values of the Chi a/b ratio increase from 3 
to 4.5 (sun leaves) and from 2.7 to 3.5 (half-shade 
leaves) indicating a faster breakdown of the Chi a/b 
pigment antenna LHC II than the Chi a containing 
pigment proteins CPI and CPa including the reaction 
centers RCI and RCII. 

The R Fd - values, measured in parallel as indicators 
of the photosynthetic C0 2 fixation rates, exhibit in sun 
and half-shade leaves of the plane tree ( Platanus hyb- 
rida L. ) high values of 3 to 3.5 during the major part 
of Chi breakdown (Fig. 7). This indicates that during 
progressing senescence the remaining photosynthetic 
apparatus is fully functional and the still available 
Chi is functionally organized for photosynthetic 
quantum conversion. Only in the final stage of Chi 
breakdown at a Chi level below 8 to 10 pg Chi a+b 
cm -2 leaf area do the R Fd - values decline indicating a 
final destruction of the photosynthetic apparatus. In 
contrast, the stress adaptation index A p , determined 
from the Revalues at the C-hl fluorescence bands near 
690 and 735 nm (Lichtenthaler and Rinderle, 1988a), 




726 



Hartmut K. Lichtenthaler and Fatbardha Babani 




a+b [(jg cm' 2 ] 



Fig. 6. Increase of Chi a/b ratios labeled as a/b (O-O) and decline 
of the chlorophyll-to-carotenoid ratio Chi (a + b)/(x + c) (A- -A) 
in sun and half-shade leaves of plane trees ( Platanus hybrida 
L.) as a function of decreasing total Chi (a+b) during autumnal 
Chi breakdown. Mean of 5 determinations per each point. SD < 
4%. The ratios Chi a/b and Chi (a + b)/(x + c) represent weight 
ratios of the pigments. (H. K. Lichtenthaler and F. Babani 2000, 
unpublished). 

slowly declines and to a higher degree in sun than 
in half-shade leaves with the increasing loss of Chi 
a+b per leaf area unit (Fig. 7). The stress adaptation 
index (A p ) is defined by the following equation: A p = 
1 - (1 + R Fd 735) / (1 + R Fd 690) as given by Strasser 
et al. (1987) and Lichtenthaler and Rinderle (1988a). 
Shade plants with a small A p (values between 0. 1 to 
0.2) suffer from stress much earlierthan do plants with 
a higher A p , such as sun leaves or HL-plants which 
usually exhibit A p -values between 0.24 to 0.35. The 
decline in A p during the autumnal Chi breakdown 
(Fig. 7) indicates that the photosynthetic pigment 
apparatus during the senescence process becomes 
more and more unstable and increasingly sensitive 
towards stress. 

Results comparable to those in Plane leaves are 
obtained with beech leaves, where the Chi a/b ratio 
remains at values near ca. 3.2 throughout the Chi 
a+b loss, whereas the ratio Chi (a+b)/(x+c) declines 
continuously. R Fd -values and the A P index decline 
at first only slowly, but very fast at Chi a+b levels 




a+b [pg cm' 2 ] 

Fig. 7. Development of the Revalues (O-O), as an indicator 
of pliotosynthctic quantum conversion, and decline of the stress 
adaptation index Ap (A- -A) during autumnal senescence and 
chlorophyll breakdown in sun and half-shade leaves of plane trees 
{Platanus hybrida L.) Mean of 5 determinations per each point. SD 
<3%. (H. K. Lichtenthaler and F. Babani 2000, unpublished). 



below 10 jug Chi a+b cm 2 leaf area. In cherry laurel 
(. Primus laurocerasus L.) leaves, in turn, the values of 
the ratio Chi a/b initially increase while the pigment 
ratio Chi (a+b)/(x+c) continuously declines. Despite 
Chi loss, the values of R Fd and A p show almost no 
decline, but at a Chi a+b level below 8 pg Chi a+b 
cm 2 leaf area the values of R Fd , A p and the Chi a/b 
ratio rapidly decline with the further loss of total Chi. 
This observation with several plants demonstrates 
that only at a progressive final senescence stage, the 
few still remaining reaction centers of the pigment 
apparatus undergo a faster breakdown than the bulk 
of the remaining Chi, and this stage is associated with 
the final loss in photosynthetic function (Babani et 
al., 1 998). The situation is somewhat different in late 
October or beginning November after nights with 
long frost periods and temperatures near the freezing 
point during daytime, then the Chi a/b ratio declines 
increasingly together with the Revalues. 

The examples given for the development of the ratio 
R Fd during senescence demonstrate that during the 
major part of the Chi breakdown and leaf senescence 
the Chi, still present in each stage of the breakdown 
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process, is functionally organized permitting pho- 
tosynthetic quantum conversion and C0 2 fixation. 
When the photosynthetic C0 2 -fixation would have 
been disturbed already in the early senescence stages, 
the fluorescence decrease ratio R Fd would have also 
shown very low values and the stress adaptation index 
A p would have declined much faster. This indicates 
that until the final step in senescence, the still avail- 
able leaf Chi permits a small, but steadily decreasing 
photosynthetic activity of leaves. It is apparently a 
general stress phenomenon of plants to keep at least a 
small functional photosynthetic apparatus at various 
kinds of stress events and this also during progres- 
sive senescence. From the remaining small func- 
tional photosynthetic units, a larger photosynthetic 
apparatus can be built up again in instances where 
environmental conditions (e.g. a mild warm October 
without any night frosts) would retard senescence 
and transitionally favor the biosynthesis of pig- 
ments and new thylakoids before the final autumnal 
breakdown becomes dominant with decreasing day 
length and the appearance of night frosts. In fact, in 
green conifer needles, breakdown of pigments and 
photosynthetic function proceeds each winter and the 
rebuilding starts again in spring or already in warmer 
winter months. Thus, in green second-year needles 
of spruce (Picea abies) the Chi a+b levels decline in 
winter by 25% and also the Revalues and P N -rates 
in the two main frost periods (December and March) 
to increase again in a relatively warm January and in 
April (Lichtenthaler et al., 1989). 

C. Change in Chlorophyll Fluorescence Emis- 
sion Spectra 

The Chi fluorescence emission spectrum of a diluted 
chloroplast suspension exhibits a red maximum near 
685 nm and a far-red shoulder near 720 to 730 11 m 
(Govindjee and Yang, 1966; Lichtenthaler and Pfister, 
1978; Seely and Conolly, 1986). In green intact leaves, 
however, the position of the red maximum shifts to 
longer wavelengths to around 690 nm or in thick 
leaves with a high Chi content up to 694 nm (Lich- 
tenthaler et al., 1 998), which is due to reabsorption of 
the emitted red Chi fluorescence band (Lichtenthaler 
and Rinderle, 1 988a). The red Chi fluorescence band 
of leaves has thus been termed F690 band. The partial 
reabsorption of the short wavelength Chi fluorescence 
band in leaves at room temperature had also been 
mentioned by Murata and Satoh (1986) and other 
authors in Govindjee et al. (1986). 



The shape of the Chi fluorescence emission spectra 
and the relative proportions of the red fluorescence 
band F690 and the far-red fluorescence band F735 
near 730 to 740 mn depends on the Chi content of 
the leaves as well as on the wavelength of the excita- 
tion light. The shape of the fluorescence spectrum is 
modified by the fact that the red F690 fluorescence 
emission band overlaps with the absorption bands of 
the in vivo Chi a forms ( Lichtenthaler et al., 1998; 
Gitelson et al. 1998), which causes a preferential 
reabsorption of the F690 band, whereas the far-red 
fluorescence band F735 or F740 is little affected. 
Thus, with increasing Chi content of leaves the 
overall Chi fluorescence increases, but the relative 
proportion of the F690 band continuously decreases. 
This causes a decline of the Chi fluorescence ratio 
F690/F740 with increasing Chi content, which has 
been shown for various leaves during greening and 
also for green algae suspensions of different algal 
density (Lichtenthaler and Rinderle, 1988a; Hak 
et al., 1990; Babani and Lichtenthaler, 1996). The 
reverse, an increase in the ratio F690/F740, occurs 
during the autumnal breakdown of Chls (Lichten- 
thaler, 1987b; D’Ambrosio et al., 1992). Moreover, 
blue light does not penetrate very deep into the leaf 
as it is readily absorbed by Chls and carotenoids of 
those chloroplasts of mesophyll cells which are near 
to the leaf surface. As a consequence, the blue light 
excited Chi fluorescence is emitted primarily from 
the chloroplasts of the upper outer cell parts of the 
leaf’s palisade parenchyma cells. For this reason, the 
blue light excited Chi fluorescence emission spec- 
tra suffer less from reabsorption of the F690 band 
than green or red excitation light which penetrates 
deeper into the leaf mesophyll cells (Buschmann 
and Lichtenthaler, 1998). Hence, the Chi fluores- 
cence ratio F690/F740 excited by blue light exhibits 
higher values than that excited by green or red light 
(Lichtenthaler and Rinderle, 1988b; Rinderle and 
Lichtenthaler, 1988). 

With the autumnal decrease of the Chi content, the 
relative proportion of the red F690 Chi fluorescence 
band becomes increasingly higher as compared to 
the far-red F740 Chi fluorescence band as is shown 
for senescing leaves of the plane tree (Platanus) in 
Fig. 8. In still green leaves (36 Chi pg a+b cm -2 ) the 
red F690 band shows up solely as a shoulder. At 12.5 
pg Chi a+b cm -2 leaf area both fluorescence peaks 
F690 and F740 are of equal height. At extremely low 
Chi levels, the overall Chi fluorescence declines and 
the F740 Chi fluorescence band is present only as a 
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Fig. 8. Shape of Chi fluorescence emission spectra measured 
at Fni for three leaves of Platanus hybrida L. during autumnal 
Chi breakdown (from top to bottom). The total Chi levels of the 
leaves are indicated (jig Chi cm 2 per leaf area). The spectra were 
determined with the Karlsruhe CCD-OMA spectrofluorometer at 
light saturation of Chi fluorescence yield (He/Ne-laser, X = 632.8 
nm, 1 0000 pmol photons m 2 s '). The ratio of the Chi fluorescence 
bands F690/F740 increased with senescence from 0.5 via 0.95 
to 2.3. Mean of 3 spectra. SD < 5%. (H. K. Lichtenthaler and F. 
Babani 2000, unpublished). 

shoulder, whereas the F690 band shows up as a clear 
maximum (Fig. 8, dotted line). 

With the Karlsruhe CCD-OMA spectrofluor- 
ometer, we measured the shape and intensity of the 
Chi fluorescence emission during different stages 
of the induction kinetics during Chi breakdown in 
dark-adapted leaves (Fig. 9). In the spectra measured 
at maximum Chi fluorescence, Fm, and at the steady- 
state Chi fluorescence, Fs (after 5 min), one easily 
recognizes that not only the total Chi fluorescence 
declines with decreasing Chi content during senes- 
cence, but that the relative fluorescence decrease Fd 
from Fm to Fs is considerably reduced at the very 
low Chi content (Fig. 9C). As a consequence, the 
R Fd - values, defined as ratio Fd/Fs or as (Fm/Fs) - 1, 
are low at the very low Chi content of senescing 
leaves (F Fd 690 = 2.23), whereas those at the higher 
Chi levels are 5.2 and 5.4. 

D. Blue Shift of the Red F690 Chlorophyll 
Fluorescence Band 

With decreasing Chi content in autumnal senescence 
leaves the relative intensity of the red F690 Chi fluo- 
rescence band increases as compared to the far-red 
F740 band (Fig. 8). This is due to the fact that the re- 
absorption of the red Chi fluorescence decreases with 
increasing Chi loss. At the same time, the maximum 
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Fig. 9. Decline of Chi fluorescence from maximum Fm to the 
steady state Fs in Platanus hybrida L. leaves of different Chi con- 
tent as shown here for different stages during the Chi fluorescence 
induction kinetics (Kautsky effect). The total Chi levels of the 
leaves are indicated (pg Chi cm 2 leaf area). Mean of 3 spectra 
measured at light saturation with the Karlsruhe CCD-OMA 
spectrofluorometer. Excitation by a red He/Ne laser (X = 632.8 
nm, PPFD of ca. 10 000 pmol photons m 2 s '). SD <5. (H. K. 
Lichtenthaler and F. Babani 2000, unpublished). 



of the red F690 Chi fluorescence band shifts from 
longer to shorter wavelengths (‘blue shift’). In fully 
green leaves of different plant species the wavelength 
position of the F690 Chi fluorescence band was at 
the end of September and in early October near 693 
nm, and then slowly shifted to 692 nm in parallel 
to the Chi loss (Fig. 10). Below 10 pg Chi a+b the 
‘blue shift’ proceeded faster with a final wavelength 
position at near 686 nm when only trace amounts of 
Chi were present. This ‘blue shift’ of the wavelength 
position of the F690 band had been described before 
for wild vine leaves of Pcirthenocissus sp. (Lich- 
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tenthaler, 1987b), where the position changed from 
696 nm (fully green stage) to 688 nm in leaves with 
only traces of Chi. The actual wavelength position of 
the F690 Chi fluorescence maximum can precisely 
be determined from the first derivative spectrum of 
the measured Chi fluorescence spectra, whereby the 
intersection of the first derivative spectrum with the 
zero line corresponds to the actual wavelength posi- 
tion of the F690 Chi fluorescence band. 

E. The Fluorescence Ratio F690/F735 as 
Indicator of the Chlorophyll Content 
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Due to the reabsorption of the red F690 Chi fluo- 
rescence band by the different in vivo Chi a forms 
(Lichtenthaleretal., 1998; Gitelsonetal., 1998), the 
red/far-red Chi fluorescence ratio termed either F690/ 
F735 or F690/F740 decreases with increasing Chi 
content of leaves. There exists an inverse curvilinear 
relationship between the ratio F690/F740 and the Chi 
a+b content of leaves (Lichtenthaler and Rinderle, 
1988a; Hak et al., 1990; Lichtenthaler et al., 1990; 
D’Ambrosio et al., 1992; Babani and Lichtenthaler, 
1996 ). Pure Chi a in a diluted solution and leaves, 
or chloroplasts, with a very low Chi content, where 
reabsorption of the emitted Chi a fluorescence is 
practically excluded, exhibit at room temperature 
a distinctive red Chi a fluorescence maximum at 
683-685 nm and only a shoulder in the 735 to 740 
nm region (Govindjee and Yang, 1966; Lichtenthaler 
and Pfister, 1976; Govindjee et al., 1986; Seely and 
Conolly, 1986; Lichtenthaler and Rinderle, 1988a; 
and Fig. 8). With increasing Chi content of leaves, 
the red Chi fluorescence band near 690 nm decreases 
and the far-red Chi fluorescence shoulder in the 730 to 
740 nm region develops into a new Chi fluorescence 
maximum with a maximum that shifts gradually from 
730 to 740 nm with increasing Chi content. This far- 
red Chi fluorescence band has been termed F735 or 
F740. It is almost exclusively determined by the pref- 
erential reabsorption of the red F690 Chi fluorescence 
band, since the far-red Chi fluorescence is only little 
affected by the reabsorption processes. In fact, 95% 
of the shape of a Chi fluorescence spectrum as well as 
the changes in this Chi fluorescence ratio F690/F735 
(or F690/F740) with changing Chi content are due to 
Chi fluorescence reabsorption (Gitelsonetal., 1998), 
whereas only ca. 5% are determined by other factors, 
such as leaf structure or differential scattering of red 
and far-red Chi fluorescence or a contribution of PS 
I fluorescence. At room temperature, the Chi fluores- 



Fig. 10. Shift of the position of red fluorescence band F690 to 
shorter wavelengths (blue shift) with decreasing Chi content of 
green leaves of different plants species during the autumnal Chi 
breakdown. Below a Chi content of ca. 1 0 pg cm 2 leaf area there 
occurs a linear shift to shorter wavelengths with decreasing Chi 
content (linear correlation, R 2 = 0.82). The exact position of the 
red F690 maximum around 690 nm was determined as the inter- 
section with the zero line in the I s * derivative of the CCD-OMA 
Chi fluorescence emission spectra. Mean of 3 determinations 
per each point SD <5. (H. K. Lichtenthaler and F. Babani 2000, 
unpublished). 

cence of leaves originates predominantly from core 
antenna of PS II, whereas PS I Chi fluorescence (as 
seen at liquid nitrogen temperatures with a maximum 
in the 730 nm region see, e.g., Murata and Satoh, 
1986) apparently contributes little or almost nothing 
to the room temperature Chi fluorescence emission 
spectrum. According to the results of Gitelson et al. 
(1998) the maximum contribution of PS I at room 
temperature would be in the range of 5%. In green 
alga Chlorella , Lavorel ( 1 963) has suggested that PS I 
fluorescence emission at room temperature peaks at 
712-718 nm. Some PS I fluorescence has also been 
observed by other authors (Holzwarth, 1988; Gilmore 
et al., 2000) on spectral and kinetic separation of 
fluorescence emission bands in leaves. 

During the Chi breakdown in the course of the 
autumnal senescence the Chi fluorescence ratio 
F690/F740 declines with decreasing Chi content of 
leaves. The inverse curvilinear correlation is the same 
for the leaves of various different tree species (Fig. 
11). With a double logarithmic plot one obtains an 
inverse linear correlation between Chi content and 
the values of the ratio F690/F740 (Fig. 1 IB). The 
prolongation of the correlation line indicates that 
at the very low Chi (a + b) content of 0. 1 pg cm 2 
leaf area, the ratio F690/F740 would have a value of 
between 8 and 9. Thus, without partial reabsorption 
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of the emitted F690 Chi fluorescence, the F690/F740 
ratios of leaves should be in the range of 8 to 9. This 
correlation between Chi content and fluorescence 
ratio F690/F740 is valid for the fluorescence ratios 
F690/F740 no matter whether the ratio is measured 
at Fm (Fig. 1 1 ) or in the steady-state at Fs. The only 
difference is that at Fm, the values of F690/F740 are 
ca. 20 to 30% higher than at Fs, an observation, which 
had been reported earlier (Kocsanyi et al., 1988: Li- 
chtenthaler, 1988). Thus, the Chi fluorescence ratios 
F690/F740 or F690/F735can be used as a valuable 
non-destructive indicators of the in vivo Chi content 
of leaves. This is a great advantage. Thus, the use of 
Chi fluorometers, that measure Chi fluorescence at 
the red and far-red wavelength region and allow the 
determination of leaf Chi levels, should be promoted 
in photosynthesis and ecophysiological research. This 
indicator can be used for a non-invasive screening 
of the Chi content before, during and after stress 
events and during greening or senescence in the 
same leaf. 



V. Chlorophyll Fluorescence Imaging of 
Photosynthetic Activity 

The measurement of Chi fluorescence parameters, 
increasingly used in the last three decades in photo- 
synthesis research and ecophysiology of plants, was 
restricted to the determination of Chi fluorescence 
signals from small individual areas of a leaf. At each 
measurement, however, only one bit of information 
was obtained per leaf, i.e. the Chi fluorescence char- 
acteristics of this particular leaf region. Whether this 
information was representative for the whole leaf 
area, could not be answered. To solve this problem 
one consecutively measured the Chi fluorescence 
signals of several leaf areas. These then provided 
rough information on the overall situation of the 
photosynthetic apparatus of the leaf. The question, 
how large are the diff erences in photosynthetic activ- 
ity and in the Chi fluorescence characteristics over 
the full leaf area, could, however, not be solved by 
these limited data measurements. 

In order to overcome this deficiency and missing 
information on possible gradients in photosynthetic 
quantum conversion, we developed in cooperation 
with physicists (Lichtenthaler and Miehe, 1997) 
the first high resolution laser-induced Fluorescence 
Imaging System (Laser-FIS) which provides in 
more than 100,000 pixels per leaf area detailed and 
broad information on the Chi fluorescence and pho- 
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Fig. 11. Increase of Chi fluorescence ratio F690/F740 (measured 
at Fm) with decreasing Chi content of leaves of different plants 
during autumnal senescence (from right to left). A) curvilinear 
inverse relationship and B) double logarithmic plot showing an 
inverse linear relationship (power function y = ax b , a = 4.39 and 
b = 0.59). The ratio F690/F740 was calculated from Chi fluores- 
cence spectra measured at Fm and light saturation of fluorescence 
yield with the Karlsruhe CCD-OMA spectrofluorometer. Based 
on three spectra per each point. SD <5. (H. K. Lichtenthaler and 
F. Babani 2000, unpublished). 



tosynthetic characteristics of all different parts of a 
green leaf (Lang et al., 1994 a,b; Lichtenthaler et 
al., 1996). This fluorescence information of all leaf 
pixels is obtained simultaneously upon one illumina- 
tion step. The Chi fluorescence signals are detected 
using a gated intensified video camera with a CCD 
array of 565 x 754 elements. The fluorescence image 
intensifier is gated synchronously with the laser. This 
Laser-FIS technique enables the screening of the Chi 
fluorescence separately in the red F690 band and in 
the far-red F740 band. Thus, with this fluorescence 
imaging technique one can also determine the fluo- 
rescence ratio F690/F740 which is a non-destructive 
indicator of the leaf Chi content as discussed above. 
By taking Chi fluorescence images at Fm (or Fp if 
the exciting light was not fully saturating; see van 
Kooten and Snel, 1991 ) and then, in the steady-state 
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at Fs (after ca. 3 to 5 min illumination), one can im- 
age the Revalues of all leaf regions. 

Since R Fd -values are indicators of the net photo- 
synthetic rates of leaves, as presented above in detail , 
one can screen via R Fd -images the gradients in pho- 
tosynthetic activity over the leaf area and detect also 
small local damages of the photosynthetic apparatus, 
which are early signs of stress and damage. By also 
integrating the blue (F440) and green fluorescence 
(F520)of cell walls as internal fluorescence standards 
into this Chi fluorescence imaging system, one can 
easily and very early detect strain and stress to the 
photosynthetic apparatus and to the physiology of 
leaves such as water and temperature stress ( Lang et 
a!., 1996), nutrient deficiency (Heisel et al., 1996), 
herbicide uptake (Lichtenthaler et al., 1997b) or the 
nitrogen status of sugar beet leaves ( Langsdorf et al., 
2000). Such stress events show up very early in im- 
ages of the fluorescence ratio blue/red (F440/F690) 
and blue/far-red (F440/F740) as reviewed by Bus- 
chmann and Lichtenthaler (1998) and Buschmann 
et al. (2000). 

We have now modified the original Laser-FIS by 
replacing the expensive laser by a pulsed flash light 
(FL) and developed the compact and much cheaper 
Karlsruhe FL-FIS instrument (Lichtenthaler and Ba- 
bani . 2 000 ). By appropriate fi Iters one can select from 
the pulsed xenon flash lamp the wavelength bands for 
fluorescence excitation e.g. UV-radiation for simulta- 
neous excitation of the blue-green fluorescence and 
the red/far-red Chi fluorescence or blue excitation 
light when only Chi fluorescence signals are mea- 
sured. This FL-FIS technique has been successfully 
applied in ecophysiological research (Buschmann 
et al., 2000; Langsdorf et al., 2000; Lichtenthaler et 
al., 2000). The Chi fluorescence intensities and the 
Revalues in the images are expressed in false colors 
with blue (zero values) via green and yellow to red 
(maximum value) see Color Plate 4, Fig. 5. 

Using the new FL-FIS instrument, we determined 
the differences in Chi fluorescence yield of sun and 
shade leaves of beech plants at maximum fluorescence 
Fp and in the steady -state at Fs after 5 min of continu- 
ous white light (Fig. 12 and Color Plate 4, Fig. 5). 
The Chi fluorescence is much higher in shade than 
sun leaves at Fp and Fs, due to the lower Chi content 
of shade leaves and a lower reabsorption of the emit- 
ted F690 Chi fluorescence band (see Table 1). The 
fluorescence images ( Fig. 1 2 A-D ) also show that the 
Chi fluorescence is not evenly distributed over the 
whole leaf area. From the Chi fluorescence images 
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Fig. 12. Images of the red Chi fluorescence of a sun (A) and a 
shade (C) leaf of beech at maximum fluorescence Fp as well as 
at steady-state fluorescence Fs (B, D) after 5 min of illumination 
at the end of the Chi fluorescence induction kinetics (Kautsky 
effect). The scale in (A) to (D) indicates the intensity of the Chi 
fluorescence of the leafpixe Is given in grey tones fromhigh (white) 
to low fluorescence (black). Note that the scales are different for 
sun and shade leaves. The images of the Chi fluorescence decrease 
ratio (R Fd = Fd/Fs) of the sun (E) and shade (F) leaf calculated 
from the induction kinetics are given in the same scale. Chi fluo- 
rescence images were measured with the Karlsruhe flash-lamp 
Fluorescence Imaging System (FL-FIS) using blue excitation light 
as described by Lichtenthaler etal. (2000). (Based on Lichtenthaler 
and Babani. 2000). See Color Plate 4, Fig. 5. 
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at Fp and Fs we processed in the computer images 
of the R Fd -values (Fig. 12 E-F). These demonstrate 
that the photosynthetic activity (as indicated by the 
Revalues) is not the same for all leaf points (pixels). 
There are considerable differences and gradients over 
the leaf area and even some local places without 
activity at all. both in sun and shade leaves (see also 
Lichtenthaler et al., 2000). Moreover, as the false 
color scales are the same for both leaf types one can 
see that the average Revalues of shade leaves are 
distinctively lower than those of the sun leaves, as 
had been described above for single leaf areas using 
the thus far applied fluorescence instruments (see 
Fig. 5). From the R Fd -intages one can calculate the 
frequency distribution of all Revalues (i.e. of all 
leaf pixels) in each leaf type as is demonstrated in 
the histogram shown below in Fig. 14A. 

With the same FL-F1S instrument, and measure- 
ments at Fp and Fs. we investigated the effect of water 
stress on the photosynthetic apparatus in leaves of 
control bean plants and beans exposed to a longer 
water stress ( Fig. 1 3 ). As expected, the Revalues are 
considerably lower under water stress ( Fig. 1 3 D ) than 
in the controls (Fig. 13C). As shown before, in siui 
and shade leaves of beech, the R I d - values and hence 
the photosynthetic activity of leaves are not evenly 
distributed but show a certain patchiness. A similar 
patchiness has also been observed for stomata func- 
tion of leaves (Cheeseman. 1991). Whether the two 
phenomena are directly related has yet to be inves- 
tigated. The frequency distribution of Revalues of 
all leaf pixels for the control and water-stressed bean 
leaves are shown in the histogram of Fig. 1 4 B. 

The results described here with the fluorescence 
imaging of whole leaves in near or far distance 
demonstrate that these new FIS techniques are 
powerful means for early stress detection in plants. 
These imaging methods developed for small and 
very large leaves ( Lang et al., 1 994a.b; Lichtenthaler 
and Miehe. 1997; Lichtenthaler and Babani. 2000) 
allow us to screen the patchiness and gradients over 
the leaf area and to detect local disturbances in pho- 
tosynthetic activity and variable Chi fluorescence, 
which are early responses of strain and stress before 
clear damages show up. These methods can also be 
applied in the field (Sowinska et al., 1999). Thus, 
fluorescence imaging is much superior to the thus far 
applied fluorescence measurements on small areas of 
leaves, which provide only fluorescence information 
of that particular leaf area. For this reason the future 
of screening photosynthetic activity and stress effects 
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Fig. 13. Images of the red Chi fluorescence (F690) of a bean leaf 
at maximum fluorescence Fp (A) and at steady state fluorescence 
Fs ( B) of the Chi fluorescence induction kinetics (Kautsky effect). 
C, Image of the Chi fluorescence decrease ratio (R Fd Fd/Fs) 
which is an indicator of the photosynthetic quantum conversion 
and the C0 2 fixation rates of a normal bean leaf and D, image of 
the Chi fluorescence decrease ratio of a water-stressed bean leaf. 
The scale in A and B indicates the intensity of the Chi fluorescence 
in grey tones from high fluorescence (white) to low fluorescence 
(black). In C and D the scales are different and indicate the values 
of the fluorescence decrease ratio R Fd . Excitation with pulsed blue 
light (Xenon flash lamp with blue filter Coming No. 9782, \ 
465 nm ± 50 nm). (Based on Lichtenthaler and Babani. 2000). 
See Color Plate 4, Fig. 6. 
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Fig. 14. Histogram of the frequency distribution of the vari- 
able Chi fluorescence decrease ratio R Id measured here for all 
pixels of the whole leaf area A) of sun and shade leaves of the 
beech ( Fagus sylvatica ) based on Revalues of > 100,000 leaf 
pixels (cf. Fig. 12) and B) of a normal and water-stressed bean 
leaf ( Phaseolus vulgaris ) based on R ld - values of > 200,000 leaf 
pixels (cf. fig. 13). (Based on Lichtenthaler and Babani, 2000; 
and Lichtenthaler et al., 2000). 

in plants by Chi fluorescence lies in the application of 
fluorescence imaging techniques. For the description 
of further fluorescence imaging results of leaves, see 
Chapter 1 4, (Nedbal and Whitmarsh) and Chapter 1 5 
(Oxborough). In the meantime fluorescence lifetime 
imaging microscopy (FLIM) of leaves and single 
cells of algae has also been described by Holub et 
al. (2000). 



VI. Conclusions 

The results presented in this chapter on pigment 
content, Chi fluorescence signatures and photosyn- 
thetic activity of green leaves demonstrate that the 
photosynthetic apparatus of the chloroplasts of fully 
developed green leaves and its composition and 
function is not in a static, fixed state, but is rather 
variable during the vegetation period depending on 
the environmental conditions and stress events to 



which the plants are exposed. Adaptation of pig- 
ment composition and photosynthetic activity is an 
essential response of chloroplasts and of leaves to the 
incident light. HL-chloroplasts in FIL-plants and sun 
leaves are adapted for high photosynthetic quantum 
conversion and possess high Revalues and high C0 2 - 
fixation rates, but low amounts of the light-harvesting 
antenna LHC II and hence a smaller antenna size. In 
contrast, LL-chloroplast invest into a large pigment 
antenna and exhibit only low rates of photosynthetic 
quantum conversion at saturating light conditions. 
These biochemical and structural differences are as- 
sociated with considerable differences in the pigment 
composition and pigment ratios and are also visible 
in various Chi fluorescence signatures and ratios. 
Due to the changing climatic conditions and stress 
events the pigment composition and photosynthetic 
activity of leaves continuously change during the 
vegetation period and are adapted to the prevailing 
outdoor conditions. 

Chlorophyll fluorescence induction kinetics and the 
Revalues calculated from these are valuable means 
to determine, in a non-destructive way, the photosyn- 
thetic activity of leaves. The Chi fluorescence ratios 
F690/F735 or F690/F740, in turn, are an excellent 
non-destructive measure of the in vivo Chi content 
of leaves. These Chi fluorescence signatures are also 
very suitable parameters to screen stress events and 
regeneration, to analyze the autumnal Chi breakdown 
and to follow the loss of photosynthetic activity that 
exhibits a different response than the breakdown 
of Chls. Screening of Chi fluorescence signatures 
(R Fd -values, ratio F690/F740) by fluorescence im- 
aging with more than 100,000 fluorescence pixels 
per leaf, as shown here, represents a new and much 
superior method to the thus far applied fluorescence 
measurements of small leaf areas and opens up new 
possibilities for early stress and senescence detection 
in ecophysiology and remote sensing of crop plants 
and other terrestrial vegetation (Chapter 16, Moya 
and Cerovic). 
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Summary 

Photosynthesis is a critical parameter in ecological research. Not only does it drive productivity at the eco- 
system scale, but at the level of species and the individual plant it is functionally related to growth and a suite 
of co-evolved traits that are critical to plant function, including hydraulic conductance, leaf lifespan, specific 
leaf area, and leaf nitrogen content. Chlorophyll (Chi) fluorescence provides a useful, direct, and integrated 
measure of photosynthetic function and plant stress making it a valuable tool for plant ecologists for use at 
the leaf level to the ecosystem level. At the leaf and whole plant level, the most useftil parameters for ecologi- 
cal use in tracking photosynthetic performance and stress in plants are the potential quantum efficiency of 
photosynthesis, calculated from the ratio of two fluorescence parameters Fv (variable Chi fluorescence) /Fm 
(maximum Chi fluorescence) in a dark adapted leaf, and the quantum yield, AF/Fm', where AF is variable Chi 
fluorescence and Fm' is maximum Chi fluorescence in an illuminated leaf. The ratio of electron transport rates 
(ETR ) to carbon assimilation rate, A (ETR/A ) may also be an increasingly useful and easily measured parameter. 
Other parameters, including the ratio of UV excited blue fluorescence (BF) to Chi fluorescence, (BF/ChlF), 
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are also becoming more widely used for the detection of plant stresses in response to various environmental 
factors. At the ecosystem level, reflectance indices of vegetation and carbon flux data from eddy correlation 
towers are currently used in large-scale productivity models. Chi fluorescence from vegetation can provide 
a direct measure of radiation use efficiency (RUE), making it promising for use in ecosystem level models, 
given continued development of technology for remote measurements. The role of individual species, which 
respond in contrasting ways to environmental disturbance, is critical to ecosystem dynamics. Remote measure- 
ment of fluorescence parameters may eventually be able to distinguish different species or functional groups 
within an ecosystem allowing species composition to be taken into account in large-scale models. This would 
allow a mechanistic understanding of ecosystem processes and provide a greater ability to predict changes in 
ecosystem function from perturbations that differentially affect species. 



I. The Role of Photosynthesis in Ecological 
Research 

Photosynthesis is one of the most important and 
widely measured physiological parameters in plant 
ecological research (Field et al., 1989; Schulze and 
Caldwell, 1996; Mooney and Ehleringer, 1997). 
This chapter highlights the importance of measuring 
photosynthetic parameters in ecological research and 
the use of chlorophyll (Chi) fluorescence to measure 
plant stress and productivity at different scales. Tech- 
niques for measuring plant fluorescence will become 
increasingly applicable and useful in tracking large- 
scale carbon fluxes and monitoring perturbations due 
to global changes at multiple scales. We first discuss 
the importance of photosynthesis from an ecological 
perspective and provide definitions of fluorescence 
parameters most useful for ecologists. We then seek 
to summarize the existing and future applications 
of Chi fluorescence for ecological studies. This in- 
cludes a general overview of the application of Chi 



Abbreviations: A - assimilation rate; APAR absorbed photo syn- 
thetically active radiation; BF - blue fluorescence; C a , Q - ambient 
and intracellular C0 2 concentration; Chi - chlorophyll; DTT - 1 ,4- 
dithiothreitol; ETR - electron transport rate; F 0 , F s initial and 
steady state levels of Chi fluorescence; F AmR - fraction of absorbed 
photo synthetically active radiation; FGVI - fluorescence global 
vegetation index; F m , F m maximum levels of Chi fluorescence 
in a dark adapted leaf and in an irradiated leaf; FRF far-red 
fluorescence; GEE - gross ecosystem exchange; GPP - gross 
primary productivity; NDVI - normalized difference vegetation 
index; NIR - near infrared; NPP - net primary productivity; 
NPQ -non-photochemical quenching of excited Chi; PAR -pho- 
to synthetically active radiation; PRI - photochemical reflectance 
index; PS - Photosystem; Q A , Q A primary quinone acceptor of 
PS II in an oxidized and a reduced state; qE - energetic quench- 
ing of excited Chi; ql irreversible quenching of excited Chi; 
qN - non-photochemical quenching of excited Chi; qP pho- 
tochemical quenching of excited Chi; qT - state II transition of 
excited Chi; RF - red fluorescence; *P leaf - leaf water potential; 
8 - radiation use efficiency 



fluorescence techniques in detecting plant responses 
to various kinds of environmental stress. Finally, we 
explore the potential role of fluorescence techniques 
in large-scale ecosystem studies. 

Numerous reviews have been written on the sig- 
nificance of photosynthesis in plant function and 
ecological performance (see for example, Pereira, 
1995; Schulze and Caldwell, 1996). Here we focus 
on several aspects of photosynthesis that are relevant 
to understanding species’ differences in relation to 
their environment and the relationship of photosyn- 
thesis to other functional traits of plants. Plant growth 
and ecosystem primary productivity are ultimately 
dependent on photosynthesis. A general relationship 
between photosynthesis and relative growth rate has 
been shown empirically and theoretically (Pereira, 
1995), although the relationship is sometimes weak. 
Among individuals of ten species of oaks grown in a 
common garden, we have found a general relation- 
ship between photosynthetic rate and relative growth 
rate (Fig. 1; J. Cavender-Bares and F.A. Bazzaz, 
unpublished). Differences in how plants allocate 
resources can change the ratio of photosynthesis to 
relative growth rate. Hence the relative amount of 
photosynthetic tissue, in addition to photosynthetic 
rate, is critical in determining growth (Lambers and 
Poorter, 1992). 

Beyond the link to growth and productivity, 
photosynthetic rate is also thought to be one of a 
constellation of co-evolved traits that vary together 
across species in relation to contrasting environmental 
conditions (Reich et al., 2003). Photosynthetic rate 
is coupled to stem hydraulic conductance and water 
transport capacity of plants (Fig. 2A; Brodribb and 
Field, 2000). Across species from different biomes 
around the globe, there are strong positive correlations 
between photosynthetic rates, leaf nitrogen content, 
and specific leaf area, and a strong negative correla- 
tion between photosynthetic rate and leaf lifespan 
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Fig. 1. Plot of relative growth rate (RGR; g g 1 day ’) as a function 
of the rate of photosynthesis for ten species of oaks grown in a 
common garden. Each point represents an individual plant. 



(Figs. 2B-D; Reich et al., 1997), indicating consis- 
tent trade-offs among these trait relationships. Such 
relationships highlight the utility of photosynthetic 
capacity in predicting other plant functional traits as 
well as whole plant strategies for resource use. 

Chi fluorescence is directly related to the activity 
of Chi in the photosynthetic reaction centers, and 
can thus be used to measure photosynthetic effi- 
ciency (Genty et al., 1989). As a result, fluorescence 
provides a useful, direct, and integrated measure of 
photosynthetic function and plant stress. A list of the 
most useful fluorescence parameters in ecological 
studies is presented in the next section. 

II. Definition and Explanation of Fluores- 
cence Parameters 

The following is a list of the most useful Chi fluo- 
rescence parameters and abbreviations for use in 
ecological studies with brief explanations of how they 
are calculated and how they may be interpreted. For a 
comprehensive list, see Mohammed et al (1995) (also 
see list of abbreviations in this chapter). 

F 0 : minimal fluorescence level (dark); initial inten- 
sity of Chi fluorescence with all Photosystem II (PS 
II) reaction centers open while the photosynthetic 
membrane is in a non-energized state , i.e. in a dark 
adapted leaf (qP = 1 ; qN = 0). 

F s : fluorescence in steady state (light); intensity 
of Chi fluorescence at steady state in an irradiated 
leaf. 




K l (kg s' 1 MPa" 1 m" 1 x 10" 4 ) 




10 100 
Specific Leaf Area (cm 2 g" 1 ) 




Fig. 2. (A) Quantum yield of photosynthesis in relation to leaf- 
area specific hydraulic conductivity ( K, ) of stems from seven 
conifers and 16 angiosperms measured in full sun. Error bars 
are ± 1SE (n = 4). Data are redrawn from Brodribb and Field 
(2000). (B ,C and D) Net photosynthesis per unit dry leaf mass 
as a function of leaf nitrogen (B), specific leaf area (C), and leaf 
life-span (D) for species from six biomes; adapted from Reich et 
al. (1997). Regression lines are forfield data (solid) and literature 
data (dashed). 
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F m : maximal fluorescence level (dark); maximum 
intensity of Chi fluorescence in a dark adapted leaf 
with all PS II reaction centers closed; photochemi- 
cal quenching is at a minimum (qP = 0) and all 
non-photochemical quenching processes are at a 
minimum (qN = 0). 

F m : maximal fluorescence level (light); maximum 
intensity of Chi fluorescence in an irradiated leaf 
with PS II reaction centers closed (qP = 0; qN > 
0 ). 

F v : variable Chi fluorescence (dark); F m - F 0 ; maxi- 
mum variable Chi fluorescence when all non-pho- 
tochemical processes are at a minimum. 

F v /F m : related to the quantum efficiency of PS II 
(dark); quantum efficiency or potential quantum 
yield of PS II in a dark adapted leaf. 

AF/F m ': yield of photosynthesis (light); ( AF = F m ' 
- Fs)/ F m '; yield of photosynthesis in an irradi- 
ated leaf. 

NPQ: non-photochemical quenching of excited 
Chi; NPQ is calculated as (F m - F m ')/F m ' (Stem-Vol- 
mer relationship) and is a good indicator of excess 
light energy because it reflects heat dissipation 
of excitation energy in the antemia system. (The 
calculation of NPQ may have an advantage over 
qN for ecologists because the data are normally 
distributed. Values of qN will always be between 
0 and 1 and need to be transformed prior to sta- 
tistical analysis.) 

qN : non-photochemical quenching of excited Chi; 
calculated as (F m - F m ')/(F m - F 0 ) representing non- 
radiative pathways of de-excitation of incoming 
light energy, mainly through heat and redistribution 
of excitation energy from PS II to PS I (Schreiber 
et ah, 1986; Chapter 11, Schreiber). 

qP: Photochemical quenching; calculated as 
(F m ' - F s )/(F m ' - F 0 ), is caused by energy transfor- 
mation at PS II reaction centers (Schreiber et ah, 
1986; also see Chapters 11, Schreiber; and 18, 
Krause and Jahns). 

F v /F m and AF/F m ' are potentially the two most use- 
ful parameters for ecologists doing measurements in 
the field. F v /F m gives the potential quantum yield or 
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potential quantum efficiency of the leaf (Butler and 
Kitaj ima, 1975) and is thus an indicator of plant health 
(Chapter 12, Strasser et ah). A healthy terrestrial plant 
will almost always have a dark adapted F v /F m value 
close to 0.8. A decrease from this indicates a stress 
(either short-term or long-term) and the presence 
of a quenching mechanism. AF/F m ' is a measure of 
the effective quantum yield of photosynthesis under 
illumination (Genty et ah, 1989). It may also be 
thought of as the photosynthetic rate per photon. 
When multiplied by the number of photons absorbed 
by PS II, it gives a measure of the electron transport 
rate. In the absence of stomatal limitation to pho- 
tosynthesis, this value is almost always correlated 
with the C0 2 assimilation rate, although it includes 
all electron transport including electron flow to oxy- 
gen and detoxication of oxygen radicals as well as 
nitrogen assimilation. Similar to photosynthetic rate 
measured by carbon uptake (Fig. 1), F v /F m has been 
demonstrated to be a good predictor of growth rate 
particularly when adverse environmental conditions 
are limiting growth. Strong correlations between plant 
growth and F v /F m have been reported in a number of 
studies (see a review by Ball et al., 1995). 

The relationship between rates of electron trans- 
port and photosynthesis (ETR/A), which is easily 
measured in the field, has the potential to be another 
important parameter in ecological studies as it can 
give an indication of the capacity of plants to pro- 
tect PS II from oxidative damage (Lovelock and 
Ball, 2002). For example, photorespiration and the 
Mehler-peroxidase reactions utilize electron flow 
from PS II, and have been shown to protect against 
photooxidative damage (Wu et al., 1991; Lovelock 
and Winter, 1996). The relationship between ETR 
and photosynthesis is dependent on leaf temperature 
and light level as well as other factors that influence 
stomatal opening (Berry and Bjorkman, 1980; Os- 
mond, 1981). When these variables are held constant, 
or factored out, species-level differences can be seen 
as a result of differences in the proportion of elec- 
tron flow to competing sinks (Krall and Edwards, 
1992). Figure 3 shows significant differences in the 
slopes of the relationship between electron transport 
rate and photosynthetic rate (C0 2 fixation) in three 
North American oak species grown under controlled 
environmental conditions (J. Cavender-Bares, un- 
published). ETR values of these species exceed the 
theoretical minimum requirement for CO, fixation of 
four electrons per C0 2 and indicate a substantial flow 
of electrons to alternative electron acceptors. 
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Fig. 3. The relationship between rates of electron transport and 
net CO, fixation for three species of oaks: Quercus rubra (open 
circles), Quercus virginiana (filled circles), and Quercus michauxii 
(filled triangles). (J. Cavender-Bares, unpublished.) 

The fluorescence parameters discussed here are 
easily measured using commercially available fluo- 
rometers that excite PS II fluorescence. In interpret- 
ing the meaning of these parameters, however, it is 
important to understand something about the sources 
of variation in the Chi fluorescence signal. Variable 
Chi fluorescence is explained in numerous reviews, 
including Cerovic et al. (1999) and Van Kooten 
and Snel (1990). F 0 , or minimum fluorescence in 
a dark-adapted leaf, is measured under very weak 
light. Under these conditions, the maximal amount 
of absorbed light energy is used for photochemistry 
at the highest efficiency and only a minimal fraction 
of the absorbed energy is re-emitted as chlorophyll 
fluorescence (F 0 ). Thus, the primary quinone accep- 
tor (Q a ) of PS II is oxidized and the photochemical 
quenching (qP) is maximum (qP = 1). The intensity 
of Chi fluorescence can increase several fold when 
a dark-adapted leaf is suddenly illuminated. Upon 
illumination, fluorescence rises from a minimal level 
(F 0 ) up to a maximum level (F m ) and then decreases 
to reach a steady state level (F s ). This transient fluo- 
rescence induction (Kautsky effect; for a historical 
review, see Govindjee, 1 995) reflects the photochemi- 
cal activity of PS II. The level of variable Chi fluo- 
rescence is determined by both photochemical and 
non-photochemical quenching mechanisms (Cerovic 
et al., 1999). Under a dark to light transition using a 
saturating flash, all the Q A molecules are temporarily 
reduced (Q ~) and the PS 11 photochemical reactions 
can no longer proceed. At this point, fluorescence is 



maximal (F rn ) and qP is minimal (qP = 0). 

A decline in F v /F m has often been interpreted as 
photoinhibition. This term is somewhat problematic 
because a decline in F v /F m may result from a number 
of different processes, some of which are readily 
reversible and not indicative of damage, and oth- 
ers which are slowly reversible and can be termed 
photodamage. Use of the word photoinhibition has 
led to confusion because in many studies, it has been 
used to describe decreases in F v /F m resulting from 
processes that include photoprotective non-photo- 
chemical quenching. Other authors reserve the term 
to indicate only slowly reversible non-photochemical 
quenching that can be interpreted as photodamage. A 
more reliable definition of photoinhibition would be 
a sustained depression in PS II efficiency. Difficulty 
arises in applying this definition in studies where it 
may not be possible to determine whether declines in 
F v /F m are resulting from readily reversible or slowly 
reversible processes or when this decline is a result 
of processes that include both photoprotection and 
photodamage in undecipherable proportions. 

III. Detecting Stress in Plants at the Leaf 
and Whole Plant Level 

Another important application of fluorescence in 
ecological research is its use as a tool in detecting 
and measuring stress in plants. Various fluorescence 
parameters have been used to detect different types 
of stress, including light stress, low and high tem- 
perature stress, nutrient stress, and water stress (see 
Chapters 3, Baker and Oxborough; 10, Kramer et al.; 
12, Strasseretal.; 16, Moya and Cerovic; 18, Krause 
and Jahns; 20, Golan et al.; 22, Adams and Demmig- 
Adams; 23, Tevini; 24, Bukhov and Carpentier; 25, 
Joshi and Mohanty; 26, Papageorgiou and Stamatakis; 
and 31, Raven and Maberly). Photosynthetic rates 
may be reduced by stress conditions, which perturb 
or block photosynthetic electron transport and affect 
the photosynthetic apparatus. Increased dissipation of 
absorbed light energy by Chi fluorescence and heat 
emission can be diagnostic in detection of various 
stress factors. Detection of stress factors has been 
reviewed by Lichtenthaler and Rinderle (1988) and 
Methy et al. ( 1 994); also see Chapter 28, Lichtenthaler 
and Babani. In this section we present a brief overview 
of various fluorescence techniques that have been or 
could be useful in measuring plant stress under field 
conditions. 
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A. Light Stress 

The problem of light stress in plants is discussed in 
several chapters in this volume. Light environments 
are highly dynamic in forests, with spatial and tem- 
poral variation in light quality and quantity forming 
a continuum from deep shade to full sunlight (Ball, 
1995). Ball (1995) has reviewed the application of 
Chi fluorescence in identifying differences in the 
abilities of species to cope with light. 

A decline in F/F has been used as an indication 

v m 

of light-stress in plants, and it may be the result of 
photodamage or of reversible non-photochemical 
quenching linked to photoprotective mechanisms, or 
a combination of the two (Demmig and Bjorkman, 
1987; also see Chapter 22, Adams and Demmig- Ad- 
ams). Within a canopy of a mature red oak tree, the 
top canopy leaves showed greater declines in F v /F m 
throughout the day, relative to subcanopy leaves, as 
a result of exposure to higher light intensities; Fv/ 
F m values readily recovered as light levels declined 
during a diurnal cycle (Fig. 4; J. Cavender-Bares, un- 
published), indicating reversible non-photochemical 
quenching, probably the result of a photoprotective 
mechanism, in light-saturated canopy leaves. 

Reversible declines in the quantum yield of pho- 
tosynthesis after exposure to excess light energy 
has been attributed to a photoprotective mechanism 
involving the xanthophyll cycle (Demmig and Bjork- 
man, 1987; Demmig- Adams et al., 1995; Ruban and 
Horton, 1995; Barker etal., 1998; Logan etal., 1998; 
Demmig-Adams and Adams 2000; Chapter 22, Ad- 
ams and Demmig-Adams). Intrinsic PS II efficiency 
(F v /F m ) and the ratio of de-epoxidized xanthophyll 
pigments to the total pool of xanthophyll pigments 
(A+Z)/(V+A+Z), where A is antheraxanthin, Z is 
zeaxanthin, and V is violaxanthin) have been cor- 
related both in the short term and long term. Data 
from Adams and Demmig-Adams ( 1 994) shows that 
reversal of F v /F m matches the time course of the ep- 
oxidation of Z and antheraxanthin A to violaxanthin 
V in 8 plant species (Fig. 5). Increased capacity of 
xanthophyll cycle-dependent energy dissipation is 
thought to be a key component of the acclimation of 
leaves to a variety of different forms of light stress 
(Demmig-Adams et al., 1995) 

In general, field studies have shown that species 
found in shady understory environments tend to 
have slower reversal of F v /F m after exposure to light 
stress than species that inhabit high solar radiation 
environments (Lovelock etal., 1994, 1998). Lovelock 
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Fig. 4. Diurnal measurements of Photosystem II (PS II) potential 
quantum efficiency calculated as F v /F m (upper panel) and photo- 
synthetically active radiation (PAR; bottom panel) in the canopy 
(open circles) and in the subcanopy (filled circles) for Quercus 
rubra. F v /F m measurements were taken after 15 minutes of dark 
adaptation. PAR was measured at the same time and on the same 
leaves as Chi fluorescence. (J. Cavender-Bares, unpublished.) 

et al. (1998) found that species with leaves growing 
in high light enviromnents (tree-fall gaps) had higher 
yields of PS II, higher non-photochemical quench- 
ing (NPQ) (Fig. 6) and more rapid recovery from 
photoinhibition than species with leaves growing in 
the shade. Similarly, Demmig-Adams et al. (1998) 
found leaves of Schefflera arboricola plants grown 
under low light to show pronounced photoinhibi- 
tion of PS II after 24h exposure to high irradiance, 
requiring several days at low light levels to recover. 
Sun leaves, however, showed virtually no sustained 
effects on PS II. 

Sunflecks, which lead to large and rapid fluctua- 
tions in light levels, pose a particular problem for 
plants growing in the understory of forest canopies. 
The ability of plants to utilize light during sunflecks 
can be significantly limited both by photosynthetic 
capacity and by the induction requirement of photo- 
synthesis (Pearcy, 1987). The latter results from 
declining metabolite pools, deactivation of the en- 
zyme rubisco and stomatal closure during periods 
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Fig. 5. The relationship between the level of antheraxanthin (A) + 
zeaxanthin (Z) per total xanthophyll cycle pool (violaxanthin (V) 
+ A + Z) and the intrinsic PS II efficiency, measured as Fv/Fm in 
the dark and AF/F m ' in the daylight, adapted from Adams et al. 
(1994). Measurements made either on cold winter days prior to 
sunrise (closed symbols) or at mid-day during the summer (open 
symbols) when warm leaf temperatures were achieved, except for 
Euonymus kiautschovicus, with an intrinsic PS II photochemical 
efficiency below 0.2 that was sampled on a cold day in the winter. 
Species arc listed in the figure. Error bars are ± 1 SE (n = 3). 



of low light between sunflecks (Pearcy et al., 1994). 
These factors can result in leaves being exposed to 
higher light levels than can be accommodated by 
photochemical reactions during a sunfleck. In order 
to avoid over-excitation of the photosynthetic reac- 
tion centers, which could result in photodamage, 
leaves require photoprotective mechanisms capable 
of responding rapidly (Logan et al., 1997; Watling 
etal., 1997) 

Watling et al. ( 1 997) and Logan et al. ( 1 997) found 
that in plants exposed to sunflecks in the field, F v /F m 
always returned to pre-sunfleck levels after return to 
low light levels by the end of the same day, indicat- 
ing that no major photodamage had occurred during 
the sunfleck. Flowever, Watling et al. (1997) found 
that light absorbance exceeded the capacity of the 
photosynthetic electron transport system to process 
it. Understory plants showed increases in qN, indi- 
cating increased thermal dissipation of light energy. 
This helps to protect PS II from over-excitation that 
could otherwise lead to photodamage, but it also 
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Fig. 6. (A) Mean quantum yield of PS II measured as AF/Fm' 
and (B) non-photochcmical fluorescence quenching (NPQ) of 
leaf discs averaged for six species during exposure to 1 000 pmol 
photons m 2 s 1 for 60 min, adapted from Lovelock et al. (1998). 
Filled circles are for leaves developed in the understory, while 
open circles are for leaves developed in tree-fall gaps. Error 
bars represent standard errors (n = 30 leaf discs). Species were: 
Acalypha diversifolia, Alseis blackiana , Psychotria horizontal is , 
Hybanthus prunifolius, Andria inermis, and Piper aequale. 
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brings about a decline in the quantum yield of PS 
II photochemistry. In their study, reduced PS II ef- 
ficiency occurred as a result of exposure to saturation 
sunflecks in the field and was sustained in low light 
following sunflecks for close to two hours. Flence, 
there was a significant decline in photosynthesis in 
low light following a sunfleck. Watling et al. (1997) 
concluded that low assimilation rates and a low in- 
duction state could lead to high-light stress during 
sunflecks in understory plants. This is potentially a 
significant disadvantage for understory plants that 
are largely exposed to sub-saturating light levels. 
The exacerbation of high light stress due to a low 
induction state was thought to be most likely if sun- 
flecks were infrequent (Watling et al., 1997). Logan 
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et al. (1997) did not find depressed PS II efficiency 
under low light levels following sunflecks, although 
in their study, maximum light levels during the sun- 
fleck period (250 pmol photons nr 2 s _1 ) were much 
lower than in the study by Watling et al. (2000 pmol 
photons m' 2 s -1 ). 

B. Low Temperature Stress 

Photoinhibition induced by low temperatures has 
been recognized as a factor limiting photosynthetic 
efficiency and productivity of plants under field 
conditions (Ball, 1994; Ball et al., 1997). Increased 
levels of photoinhibition even under moderate light 
levels in the presence of low temperatures has been 
attributed to several factors, including the reduced 
utilization of excitation energy in carbon metabolism. 
This leads to an increased proportion of reduced Q A 
in the steady state that results in an increase in excess 
excitation energy. Rates of repair via D1 protein 
turnover can be severely reduced as well (Krause 
1994). Ball (1994) showed that photoinhibition was 
an important factor limiting regeneration of snow 
gum (. Eucalyptus pauciflora ) seedlings in southern 
Australia. She found the regeneration niche of snow 
gum seedlings to be limited to the east side of the 
understory shade trees where seedlings are protected 
from the simultaneous occurrence of freezing tem- 
peratures and intense morning light. 

As with light stress alone, the ratio of variable to 
maximum Chi fluorescence (either F v /F m or AF/F m ') 
can be used as an empirical measure to determine 
the extent of stress under chilling conditions when 
exposed to even moderate light levels (Adams et al., 
1990; Oquist and Huner, 1991; Ball, 1994; Krause, 
1994; Adams et al., 1995; Ball et al., 1995). Figure 
7 A shows the decline in AF/F m ' in Quercus virginiana 
with increasing photosynthetically active radiation 
(PAR) under warm (24 °C) and chilling (5 °C) tem- 
peratures. The large decline in AF/F m ' under chilling 
temperatures relative to warm temperatures shows 
the increasing stress resulting from low temperatures 
as light level is increased. Significant decreases in 
electron transport rate are associated with this drop, 
resulting in lower C0 2 assimilation rates (Fig. 7B). 

Lovelock et al. (1995) found reversible declines 
in F v /F m of Antarctic moss associated with freezing 
and thawing. They used dithiothreitol (DTT), which 
inhibits the formation of zeaxanthin, and found re- 
duced levels ofZ + A, and reduced non-photochemical 
quenching (qN). They attributed the reversible photo- 



1.0 
0.8 

- E 0.6 

u. 

Ll 0.4 

<1 

0.2 
0.0 

0 200 400 600 800 1000 

PAR (pmol photons rrf 2 s' 1 ) 




0 200 400 600 800 1000 

PAR (pmol photons nr 2 s' 1 ) 



Fig. 7. Relationship between photosynthetically active radiation 
(PAR) and (A) PS II quantum yield measured as AF/F m ' and (B) 
the rate of carbon assimilation for Quercus virginiana under 
warm (24 °C) and chilling (5 °C) temperatures. Adapted from 
Cavender-Bares et al. (1999). 



inhibition to a photoprotective mechanism associated 
with the xanthophyll cycle that prevents damage to 
the photosynthetic apparatus. The xanthophyll cycle 
and the photoprotective energy dissipation process 
associated with it appear to provide plants the flex- 
ibility required to deal with excessive levels of light 
absorption by Chi under a wide range of climatic 
conditions, including the low temperatures that give 
rise to winter stress (Adams et al., 1995; Chapters 
21, Gilmore; and 22, Adams and Demmig- Adams). 

Following the method of Horton and Hague ( 1 988), 
Cavender-Bares et al. ( 1 999) compared the relaxation 
kinetics of non-photochemical quenching after ex- 
posure to light stress and chilling temperatures in 
an evergreen and a deciduous oak, and were able to 
identify differences among the two species in relative 
proportions of processes with different reversal rates. 
A rapidly reversible component (A fast , half life on the 
order of seconds) has been interpreted as a energetic 
quenching (qE) or a photoprotective mechanism. An 
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essentially irreversible component of qN was identi- 
fied (A 0 ), which can be interpreted as irreversible 
quenching (ql) associated with photodamage. An 
intermediate component (A skw , half life on the order 
of minutes) was also apparent that has been associ- 
ated with state I to state II transition and transfer 
of light harvesting complexes to PS I (qT) (Fig. 8). 
After simultaneous exposure to high light ( 1 000 pmol 
photons m 2 s') and chilling temperatures (5 °C) 
for one hour, the relaxation kinetics were measured 
after a return to warm temperatures and darkness. 
This experiment showed a higher proportion of qE 
in the evergreen oak. Quercus virginiam . that must 
deal with cold temperature stress compared to the 
deciduous species, Ouercus michauxii, which drops 
its leaves after the onset of cold temperatures. There 
was also a trend toward higher ql. interpretable as 
photodamage, in the deciduous species. (For further 
definition of the various components of NPQ, see 
Chapter 18. Krause and Jalms; and for a detailed 
discussion of state changes, see Chapter 17. Allen 
and Mullineaux.) 

In addition to more traditional measurements of 
F v /F m as indicators of cold-stress, Agati et al. (1996) 
used the ratio of Chi fluorescence measured at the 
two emission maxima (F685/F730) as a screening 
parameter for chilling tolerance. Lichtenthaler and 
Rinderle ( 1 988) used a similar ratio. F690/F730, as a 
measure of stress in plants. Agati et al. (1 996) found 
a decrease in this ratio in the chilling sensitive bean 
(Phaseolus vulgaris) blit a slight increase in the ratio 
in the chilling tolerant pea plant (Pisum sativum). A 
second study attributed a decrease in this ratio (in 
this case. F685/F735) with chilling temperatures to 
a state I-state II transition that decreases PS II fluo- 
rescence and increases PS I fluorescence. Chilling 
temperatures apparently induced a modification in the 
thylakoid membranes, which altered the distribution 
of excitation energy between PS II and PS I (Agati 
et al.. 2000). This fluorescence ratio has not yet been 
applied to field ecological studies. 

Gilmore and Ball (2000) discovered a prominent 
component of the Chi fluorescence spectrum around 
715 run when measured at 77K in evergreen snow 
gum (Eucalyptus pauciflora) that coincides structur- 
ally with a loss of Chi and an increase in energy -dis- 
sipating carotenoids. It is associated with an increased 
capacity to dissipate excess light energy and prevent 
photo-oxidative bleaching and is likely to facilitate 
recovery of photosynthesis in the spring in overwin- 
tering evergreens (Gilmore and Ball, 2000). These 
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Fig. S. A comparison of the kinetics of relaxation of the non- 
photochemical quenching NPQ of chlorophyll fluorescence 
for the evergreen and deciduous oak species, Q. virginiana and 
Q. michauxii. respectively. Total NPQ was calculated as: (dark 
adapted F m F m ')/F m ' where F m ' is maximal fluorescence after 
1 hr light. The relative amplitude (A) of components of NPQ 
relaxation were interpreted as qE. qT and ql such that qE cor- 
responds to the rapidly reversible component (A last ), qT to the 
slowly reversible component (A #I(W ). and ql to the irreversible 
component (Aq). Data are replotted from Cavender-Bares et al. 
(1999). Error bars are ± 1SE. 



innovative Chi fluorescence measurements have the 
potential to become important tools in detecting cold 
tolerance and cold stress under field conditions (also 
see Chapter 2 1 , Gilmore). 

C. Nutrient Stress 

A number of studies have shown that chlorophyll 
fluorescence parameters provide good indicators of 
nutrient deficiency (see for example. Subhash and 
Mohanan, 1 994, 1 997; Kebabian et al., 1 999; Werther 
and Havranek, 2000; Parkhill etal., 2001; Freedman et 
al., 2002 ). Perhaps one of the most useful indicators of 
nitrogen stress in plants is the ratio of UV excited blue 
fluorescence to Chi fluorescence (BF/ChlF) (Chap- 
pelle et al., 1984; Heisel et al., 1996; Lichtenthaler, 
1996; Lichtenthaler et al., 1996; Corp et al., 1997; 
Buschmann and Lichtenthaler, 1998). Cerovic et al. 
( 1 999) have reviewed the use of UV-excited blue and 
red fluorescence in detecting nutrient deficiencies. 
They attribute an increase in BF/ChlF ratio in nutri- 
ent stressed plants to an accumulation of phenolic 
or flavonoid compounds in the leaf epidermis. These 
compounds absorb U V light and decrease U V trans- 
mittance through the epidermis, thereby decreasing 
the excitation of Chi molecules in the mesophyll by 
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UV light. The result is an increase in the BF/ChlF 
ratio (Cerovic et al., 1999). 

According to the carbon/nutrient balance hypoth- 
esis, carbon fixed in excess by the plant relative to 
nutrient uptake stimulates the shikimate acid pathway 
and thus leads to the production of plant phenolics 
and other carbon-based compounds (Price et al., 
1989; Waterman and Mole, 1994). These compounds 
can then serve an important function in the plant as 
anti-herbivore defenses. Empirical evidence supports 
the carbon/nutrient balance hypothesis as increases 
in phenolic compounds are generally found in nutri- 
ent deficient plants (Bryant et al., 1987; Price et al., 
1989; Waterman and Mole, 1994). 

Ounis et al. (2001) used dual-excitation fluores- 
cence light detection and ranging (DE-FLIDAR to 
create a fluorescence excitation ratio using UV (355 
mn ) and visible (532 nm) radiation to determine epi- 
dermal UV absorption by Chi. The visible excitation 
wavelength was used as a reference and not absorbed 
by the epidermis. A dual fluorescence emission ra- 
tio of red fluorescence (RF ) to far-red fluorescence 
(FRF) excited at 355 and 532 nm (RF ex532 /FRF ex355 ) 
was found to be strongly positively correlated with 
Chi content, a result which was predicted by a model 
Ounis etal. had presented based on the Beer-Lambert 
Law. Hence, this ratio shows promise for detecting 
mineral deficiencies in plants. Similarly, Samson 
et al. (2001) used the ratio of UV excitation pulses 
at 360 mn to those in the blue at 440 nm to detect 
nutrient deficiencies in corn leaves. They found a 
very high positive correlation (R 2 = 0.93 ) between 
the fluorescence excitation ratio FRF ex360 /FRF ex440 and 
the nitrogen concentration of corn leaves. 

D. Water Stress 

Water availability is one of the most important 
limitations to photosynthesis and plant productivity 
(Kramer and Boyer, 1995). Chi fluorescence indices 
are important tools for measuring non-invasive pa- 
rameters for remote sensing of plant photosynthesis 
and water status (Schmuck et al., 1992; Cerovic et 
al., 1996; Comic and Massacci, 1996; Flexas et al., 
2000). The effects of water stress on the photosyn- 
thetic efficiency of plants is discussed in Chapter 24 
(Bukhov and Carpentier) and has been reviewed by 
Comic and Massacci (1996). 

A good correlation between rates of electron trans - 
port and assimilation rate has been found for C 4 plants, 
and the ratio of ETR/A is known to be consistent 
under a wide range of conditions (Edwards and Baker, 
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1993). For C 3 plants, however, this ratio can be quite 
variable, and the correlation between ETR and A can 
be lost altogether under conditions of water stress. 
When photosynthesis is limited by stomatal closure, 
which occurs during water stress, C0 2 availability 
in the chloroplast is reduced, increasing the ratio of 
0 2 /C0 2 . Electron flow toward oxygen thus increases, 
particularly through photorespiration (Comic and 
Briantais, 1991; Krall and Edwards, 1992). Thus, 
changes in the relationship between ETR/A can be 
used as an indicator of water stress in plants (Flexas 
et al., 2002). Cerovic et al. (1996) also found that 
electron transport rates saturate at lower light levels 
in water stressed plants compared to well-watered 
plants. Electron transport rates and photochemical 
quenching (qP) decline with increasing water stress 
and stomatal closure because the photorespiratory 
cycle is a less efficient electron sink than carbon 
dioxide reduction (Stryer, 1988). As a consequence, 
a greater proportion of incoming light energy must be 
dissipated non-photochemically. In seven species of 
oaks grown across an experimental soil moisture gra- 
dient, we found higher non-photochemical quenching 
in water stressed plants than in plants that were not 
water-limited. For all species, there was a significant 
negative correlation between non-photochemical 
quenching (NPQ ) and plant water status, measured 
as predawn leaf water potential ( v P Leaf ) (two species 
are shown in Fig. 9A). This corresponded well to a 
decrease in intracellular [C0 2 ] (Q) (plotted as the 
difference between ambient and intracellular [C0 2 ] 
(C a - Cj) with decreasing predawn v P Leaf , indicat- 
ing stomatal closure (Fig. 9B) (J. Cavender-Bares, 
unpublished). 

Other fluorosensing parameters have also been 
used to detect water stress. Cerovic et al. (1996) 
used mean lifetime and yield of remotely sensed Chi 
fluorescence to detect water stress in several crop 
species. They found decreases in the slope of the 
relationship between Chi fluorescence lifetimes and 
relative fluorescence yield in water stressed plants 
compared with controls. Flexas et al. (2000) found 
that the steady-state fluorescence parameter, Fs, was 
also useful in detecting water stress in plants. They 
found Fs to increase with light intensity in well-wa- 
tered plants. As water stress was imposed, however, 
this relationship changed, and Fs actually decreased 
with increasing light intensity. In the study of oak 
species grown across an experimental soil moisture 
gradient under natural light conditions, we found Fs 
to decrease with decreasing predawn water potential 
(Fig. 9C). The possibility of using the simple Fs pa- 
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Fig. 9. Oak seedlings grown at low soil moisture have higher NPQ than those at higher soil moisture levels, as shown by the negative 
correlation between NPQ and l P, ca( (A). This corresponds to a decline in the intercellular C0 2 concentration with increasing water stress 
(shown as C a - Cj) indicating stomatal limitation to photosynthesis (B). An overall decrease in photochemical quenching (qP) is likely 
as the ratio of photosynthesis to photorespiration decreases with increasing water stress, resulting in an increase in NPQ. At the same 
time, steady state Chi fluorescence (Fs) increases with increasing water stress (C). (J. Cavender- Bares, unpublished.) 

rameter, or the relationship of Fs and light level, as formation across spatial and temporal scales in order 
an indicator of water stress is particularly intriguing to understand functioning of whole communities or 

because Fs can be measured remotely with current ecosystems, particularly in relation to an array of hu- 

technology (see Section IV.C). man perturbations. The potential of Chi fluorescence 

and other fluorescence parameters to contribute to 
understanding community and ecosystem processes 
IV. Measuring Productivity at the Ecosys- is increasing with the availability of new technolo- 

tem Level gies that allow remote measurement of fluorescence 

parameters (Chapter 16, Moya and Cerovic). 

There is a growing need to integrate ecological in- Several approaches have been used to estimate 
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whole ecosystem fluxes and represent their dynamics, 
including i) estimating fluxes of carbon dioxide and 
other gases from ecosystems using eddy covariance 
measurements from towers and ii) linking satellite- 
based remote sensing of reflectance data to models 
of photosynthetic production. Looking forward, some 
fluorescence parameters could be measured from 
aircraft or satellite (Chapter 16, Moya and Cerovic) 
and coordinated with tower-based C0 2 flux measure- 
ments, improving the accuracy of photosynthetic 
production estimates. Additionally, in some cases, 
canopy measurements of gas exchange and fluores- 
cence parameters could be incorporated to provide 
a mechanistic understanding of the dynamics of 
ecosystem processes and include, for example, the 
role of species composition in ecosystem productivity 
models. Incorporating remotely sensed measurements 
of Chi and leaf epidermal fluorescence into ecosystem 
studies could also be helpful in diagnosing stress 
factors that limit productivity. 

A. Eddy Correlation Flux Towers 

Eddy covariance flux towers have now been deployed 
in different biomes worldwide as a means of sampling 
net carbon fluxes over large landscapes. By integrating 
the high-frequency covariance between the concentra- 
tion of atmospheric gases and vertical velocity, this 
method provides a direct means of sampling instanta- 
neous landscape-level fluxes (Baldocchi et al., 1988; 
Verma, 1990 ). Gas fluxes are obtained by correlating 
the vertical wind component with the horizontal wind 
component, temperature, and gas density (e.g., C0 2 
or H 2 0). Infrared gas analysis is used to obtain car- 
bon dioxide and water vapor densities. Estimates of 
ecosystem photosynthesis from eddy flux correlation 
measurements correspond fairly well with leaf level 
photosynthetic rates in canopies of mature trees that 
have been scaled up (Wofsy et al.,1993). 

B. Models of Productivity using Reflectance 
Indices 

Reflectance indices of vegetation from satellite data 
have been used to estimate whole ecosystem pa- 
rameters, including net primary productivity (NPP). 
Vegetated and non-vegetated terrestrial areas can 
be readily distinguished based on their contrasting 
reflectance patterns in the red and near-infrared (NIR) 
spectral regions. Since photosynthetic pigments ab- 



sorb in the red but not in the NIR, reflectance bands in 
these regions can be compared. The most commonly 
used vegetation index is the normalized difference 
vegetation index (NDVI): 

NDVI = (R nir - 

Rred)/(Rni R Rred) (1) 

where R nir is the reflectance in the NIR region, and 
R red is the reflectance in the red region. NDVI and 
other vegetation indices have limitations and need to 
be corrected to deal with interference from various 
sources that alter reflectance signals (Myneni and 
Williams, 1994; Sellers et al., 1996). Nevertheless, 
vegetation indices, such as NDVI provide a measure 
of the fraction of photosynthetically active radiation 
(F apar ) absorbed by green vegetation. NDVI and F APAR 
are causally related as both are strongly influenced by 
the amount of leaf area in a green vegetation canopy 
(Myneni and Williams, 1 994). There is also empirical 
evidence showing that the two are linearly related 
(Kumar and Monteith, 1981; Hall et al., 1990). 

Gamon and Qiu (1999) summarized several models 
of photosynthetic productivity, or carbon gain by 
vegetation, as follows: 

Photosynthetic rate = APAR * e, (2) 

where, APAR indicates the quantity of absorbed 
photosynthetically active radiation, and e represents 
photosynthetic radiation-use efficiency — the ef- 
ficiency of converting absorbed radiation to fixed 
(organic ) carbon. If integrated over time and space, 
this equation can be expressed as: 

Primary productivity = 2 APAR * e, (3) 

where, primary productivity is often expressed as 
net primary productivity (NPP), typically equivalent 
to accumulated biomass within a growing season, 
2 APAR is the absorbed PAR, or the annual integral 
of radiation absorbed by vegetation, and e represents 
the average efficiency with which absorbed radiation 
is converted to biomass (Monteith, 1977). APAR can 
be further defined as the product of photosyntheti- 
cally active radiation (PAR) and the fraction of that 
irradiance that is absorbed by vegetation (F APAR ). The 
fraction of PAR actually absorbed by the vegetation 
depends on the amount and distribution of photo- 
synthetic biomass. 
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NPP = PAR * F apar * £ . (4) 

Respiration is not explicitly included in these 
models, but can be incorporated into the e coefficient 
or a separate coefficient can be added. For a more 
thorough discussion of current modeling approaches 
and assumptions, see, for example, Cramer et al. 
(1999) and Beyschlag and Ryel (1998). 

A number of authors have relied on the relationship 
between NDVI (or other reflectance indices ) and F AEAR 
to estimate APAR, such that NPP can be expressed 
as a function (f) of NDVI, PAR and e: 

NPP =/ (NDVI * PAR * e). (5) 

The efficiency coefficient, e, was initially assumed 
to be constant (Monteith, 1972; Kumar and Monteith, 
1981) although it is known to vary with ecosystem 
type and with stresses from unfavorable levels of tem- 
perature, nutrients and water ( Runyon et al. , 1 994; Joel 
et al., 1997). To account forthis variation, e is usually 
parameterized with field measurements as remote 
measures have been thought to be intractable (Field 
et al., 1998). Recently, however, the photochemical 
reflectance index (PRI), an index of xanthophyll 
cycle activity, which can detect changes in radiation 
use efficiency and can be measured remotely, was 
used to estimate e (Nichol et al., 2000). PRI is often 
expressed as: 

PRI — (R 531 — Rref) ! (^531 I" RREF), ( 6 ) 

where, R 531 represents reflectance at 531 nm (the 
xanthophyll cycle band ) and R^ indicates reflectance 
at a reference wavelength, generally in the yellow at 
570 mu (Penuelas et al., 1995; Gamon et al.,1997; 
Gamonand Surffis, 1999). Relationships have been 
shown between PRI and photosynthetic rates of 
canopy leaves, and thus for photosynthetic radiation 
use efficiency £ , for different species (Gamon et al., 
1997; Nichol et al., 2000). 

Based on these relationships, Rahman et al . (200 1 ) 
recalculated the above equations as: 

C0 2 uptake =/(PRI *NDVI). (7) 

They combined C0 2 flux data from eddy covariance 
towers within the boreal forest of North America and 
found a strong correlation between gross C0 2 flux 
and (NDVI*sPRI), R 2 = 0.82 for nine tower sites, 



where sPRI is a scaled value of PRI ranging from 0 
to 1 (Fig. 10). 

C. Using Remote Sensing of Chlorophyll 
Fluorescence in Productivity Models 

Remotely sensed measures of Chi fluorescence show 
promise for improving the accuracy of productivity 
estimates based on the NPP models described above. 
Moya et al. (2001) have proposed measuring Chi 
fluorescence at 740 nm (a wavelength at which light 
is not absorbed by the leaf) as an integrated measure 
of PAR * F AEAR (Chapter 16, Moya and Cerovic ). This 
may be a more useful measure of absorbed radiation 
from vegetation than NDVI, or other indices based 
on reflectance, because fluorescence emission comes 
from the photosynthetic apparatus after absorbing 
light energy. 

More significantly, Chi fluorescence parameters 
are likely to improve measurement of radiation use 
efficiency. Ultimately, AF/F m ' would be the ideal 
parameter to estimate £ as it is a direct measure of 
PS II radiation use efficiency (Genty et al., 1989). 
However, because an excitation light pulse is re- 
quired to determine this ratio, it is still most usefully 
measured only at close range (<lm). The simple 
fluorescence parameter Fs may be a more practical 
alternative for estimating c at large scales. Recent 
advances in technology allow remote sensing of the 
Fs parameter using sunlight excited Chi fluorescence 
via Fraunhoefer line discrimination (Moya et al., 
1998; Kebabian et al., 1 999). Fs has been shown to be 
correlated with photosynthetic rate (Freedman et al., 
2002; Flexas et al., 2002) and with PRI (Moya et al., 
200 1 ). Freedman et al . (2002) demonstrated a strong 
negative correlation between the remotely sensed and 
sunlight excited steady state fluorescence ratio, F690/ 
F760, and canopy photosynthetic rates of Quercus 
hemispherica exposed to differing levels of nutrient 
and carbon stress (R 2 = 0.66 for 12 plant canopies) 
(Fig. 11). Flexas et al. (2002) have also demonstrated 
strong relationships between Fs and photosynthetic 
rates as well as stomatal conductance rates. The abil- 
ity to measure Chi fluorescence parameters remotely 
for use in ecosystem models should improve efforts 
to estimate C0 2 fluxes at large scales. 
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Fig. 10. Relationship between the net C0 2 flux (A) or gross 
C0 2 flux (B) and the product of the normalized difference veg- 
etation index (NDVI) and a scaled value of the photochemical 
reflectance index (sPRI), adapted from Rahman et al. (2001). 
The correlation in (B) is significant (r 2 = 0.82, P<0.002), while 
that in (A) is not. 



V. Scaling from the Bottom Up — The Role 
of Species Composition in Ecosystem 
Dynamics 

While remotely sensed Chi fluorescence parameters 
are likely to improve estimates of ecosystem produc- 
tivity, other remotely sensed fluorescence measures 
may help elucidate the mechanisms of ecosystem re- 
sponse to changes in the environment. One limitation 
of ecosystem-scale modeling methods is that they try 
to capture the response of a unit of the landscape and 
integrate the response of all individuals present, re- 
gardless of differences among them. Such approaches 
do not specifically consider the individual behavior 
of various species in an ecosystem. The blue to red 
fluorescence ratio has been proposed as a general 
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Fig. 11. The relationship between the ratio of red to far-red Chi 
fluorescence (690nm/ 760nm) to the CO, assimilation rate, mea- 
sured remotely on canopies of Q. hemispherica, redrawn from 
Freedman (2002). Values of assimilation rate are the average of 
approximately five leaves per canopy. 



plant classification criterion (Cerovic et al., 1999) 
that may prove useful in tracking differences among 
species in response to the environment. The fluores- 
cence global vegetation index (FGVI), described in 
Chapter 16 (Moya and Cerovic) and Cerovic et al. 
(1995, 1999), uses both red and blue fluorescence 
indices to identify individual species from fluores- 
cence signatures as well as to detect stress. It thus 
provides the potential for mapping of individual spe- 
cies (with obvious limits to the spatial resolution) as 
well as remote detection of stress. The development 
of indices such as the FGVI will ultimately increase 
our ability to investigate ecosystem dynamics by 
scaling upward from species-level behavior. In turn, 
this will provide a greater ability to predict changes in 
ecosystem function from environmental perturbations 
that differentially affect species. The following is an 
example from a forest ecosystem of the northeastern 
United States, which makes clear the importance 
of species-level differences in the gross ecosystem 
exchange of carbon. 

Within a New England mixed Hardwood forest, 
Bassow and Bazzaz (1998) showed that various 
environmental factors affect gas exchange rates of 
individual forest canopy species differently. Bas- 
sow and Bazzaz (1998) and Catovsky and Bazzaz 
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F/g. 12. Estimated maximal rates of photosynthesis for five 
tree species found in a mixed hardwood forest in New England, 
adapted from Bassow and Bazzaz (1998) and Catovsky and 
Bazzaz (2000). 



(2000) showed significant differences in leaf-level 
photosynthetic rates of co-occurring species at the 
Harvard Forest (Fig. 12), with red oak (Quercus ru- 
bra) , consistently having the highest photosynthetic 
rates and hemlock ( Tsuga canadensis) the lowest. 
When scaled up, interspecific variation in leaf-level 
photosynthesis gives rise to significant differences 
in canopy carbon uptake rates throughout a growing 
season such that red oak is estimated to have up to 
two-fold higher uptake rates than hemlock (Cato- 
vsky and Bazzaz, 2000). It is known that among the 
dominant species in this ecosystem, red oak with its 
deep rooting ( Lyford, 1 980 ) is less affected by severe 
drought in terms of gas exchange and other factors 
than other co-occurring species, such as birches, or 
maples (Augeetal., 1998; Caspersenand Kobe, 200 1 ; 
Turnbull et al., 2002). The response of the whole 
ecosystem to environmental perturbations, such as 
severe drought, is likely to be influenced by the fact 
that the Harvard Forest canopy consists of 60-70% 
red oak. Goulden et al. (1996) showed that gross 
ecosystem exchange of carbon dioxide, as measured 
from eddy correlation flux towers, experienced only 
a 1 0% decrease during a severe drought year. Respi- 
ration that year, however, decreased by 30% due to 
decreased soil moisture (compare soil water content 
in 1995 to 1996, Fig. 13A) so that the net result was 
an increased downward flux of C O,. During that same 
drought year, canopy photosynthetic rates of red oak 
showed little decline in photosynthesis relative to 
the wet year (Fig. 13B) (Cavender-Bares and Baz- 
zaz, 2000). The trends in these photosynthetic data 
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Fig. 13. (A) A comparison of soil moisture in a droughtyear ( 1995, 
closed circles) and a wet year ( 1996, open circles) (data courtesy 
of K. Newkirk). (B) Photosynthetic rate of canopy leaves of red 
oak ( Quercus rubra), the dominant canopy tree in the Harvard 
Forest ecosystem, during the drought and wet years. (C) Gross 
ecosystem exchange (GEE) of carbon dioxide as determined from 
eddy correlation measurements for the Harvard Forest ecosystem 
in the drought and wet years (data courtesy of S. Wofsy). (D) Red 
oak showed a relatively small decline in photosynthetic rate dur- 
ing the drought year relative to yellow birch ( Be tula papyrifera). 
The small decline in photosynthetic rate of Q. rubra corresponds 
closely to the decrease in GEE. All three values are estimated 
declines calculated for peak summer months. Panels A and B are 
replotted from Cavender-Bares and Bazzaz (2000). 



compare well to those of gross ecosystem exchange 
(GEE) determined during the same summer period 
for both the drought and wet years (Wofsy, 2000) 
( Fig. 1 3C ). In contrast, yellow birch showed dramatic 
declines in photosynthetic rates resulting from a high 
degree of leaf wilt and damage during the drought. 
Red oak was able to maintain high gas exchange 
rates during the drought due in part to increases in 
water use efficiency as well as maintenance of high 
predawn water potentials most likely resulting from 
the ability of this species to root deeply and access 
deep water reserves (Cavender-Bares and Bazzaz, 
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2000). Had the canopy been composed of species 
incapable of avoiding drought, such as yellow birch, 
the net downward flux of carbon dioxide would likely 
have been lower. 

Thus, in such mixed forests, future changes in 
species composition could have substantial impacts 
on forest carbon dynamics, both as a result of dif- 
ferences in abilities of species to sequester carbon 
as well as differences in stress tolerances of species. 
Ecosystem photosynthesis in this forest is likely to 
be lower if oak regeneration continues to decline and 
other canopy species with lower photosynthetic rates 
become more dominant (Catovsky and Bazzaz, 2000). 
Ecosystem response to perturbation is also likely to 
change if species composition changes, as species 
can have markedly different responses to changing 
environments (Bazzaz, 1 996). This speaks to the need 
for incorporating mechanistic analyses of factors 
contributing to ecosystem processes, including the 
role of individual species and species composition, 
into models that use remote measurements to estimate 
large scale fluxes. An important step toward this goal 
is the further development of the FGVI (discussed 
above) and other species-level indices that rely on 
fluorescence signatures (Tyystjarvi et al., 1999) that 
can provide the basis for remote detection of species 
composition. Such indices, combined with other 
remote sensing techniques that allow estimation of 
whole ecosystem fluxes, should promote mechanis- 
tic analyses of changes in ecosystem processes in 
response to disturbance. 



VI. Concluding Remarks 

Fluorescence provides a rapid, non-destructive means 
of studying photosynthetic and other physiological 
processes of plants under field conditions. Measure- 
ments of Chi fluorescence parameters are becoming 
increasingly useful in ecological studies of whole 
plant photosynthesis and plant function, providing 
insights about mechanisms of plant responses to 
environmental stress, and responses of whole eco- 
systems to environmental change. 

It is important to have diverse tools for monitoring 
photosynthesis, productivity and stress for assess- 
ment of plant and ecosystem health, crop monitoring, 
global change monitoring, and collecting baseline 
data for modeling of global processes. The need for 
such tools is made clear by recent comprehensive 
efforts to assess ecosystem health at large spatial 
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scales (Heinz Center, 2002). Combining techniques 
is likely to improve reliability and accuracy. Remote 
fluorescence measurements show promise for improv- 
ing or validating currently used methods for assessing 
ecosystem health and productivity at large-scales, 
such as measurement of gas fluxes and satellite mea- 
surement of reflectance indices. In addition, integrat- 
ing ecosystem flux data with information on species 
composition, based on fluorescence signatures that 
allow identification and mapping of individual spe- 
cies, may allow a mechanistic determination of how 
climate change and other disturbance factors affect 
ecosystem function. 
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Summary 

Since its introduction in the early 1960s, in vivo chlorophyll fluorescence has been used as an index of photo- 
synthetic biomass in marine ecosystems. In the late 1980s, however, active fluorometric techniques, originally 
based on the pump and probe method, were used to derive estimates of photosynthetic electron transport, the 
overall quantum efficiency of photosynthetic energy conversion, and the effective cross section of Photosystem II. 
It was quickly realized that nutrient limitation, but not acclimation to light or temperature, had a profound 
influence on photosynthetic energy conversion efficiency (reported as, e.g., F v /F m ). Subsequently, variable 
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fluorescence techniques were employed to assess physiological control of oceanic photosynthesis by nutrients 
that potentially limit photosynthetic electron transport. The pump and probe technique was subsequently sup- 
planted by a fast repetition rate (FRR) fluorescence method, which greatly improved the precision and efficiency 
of variable fluorescence measurements at sea. The FRR method has revealed how the availability of iron, fixed 
inorganic nitrogen, and phosphate control photosynthetic electron transport rates throughout the world oceans. 
The technique has been further applied to corals, seagrasses, single cells of free-living marine phytoplankton, 
and anoxygenic aerobic photosynthetic bacteria. Variable fluorescence data reveal extraordinary physiologi- 
cal plasticity of the photosynthetic apparatus in the genetically diverse group of organisms that comprise the 
primary producers in contemporary oceanic ecosystems. 



I. Introduction 

In contrast to terrestrial ecosystems, primary produc- 
tion in the oceans is the result of the photosynthetic 
activity of a taxonomically heterogenous group of 
single celled organisms (called phytoplankton), 
macroalgae, submerged angiosperms (seagrasses) 
and symbiotic invertebrates such as zooxanthellate 
corals, Table 1 (Falkowski et al., 2004). In aggre- 
gate, these organisms comprise less than 1% of the 
total photosynthetic carbon-based biomass on Earth 
(Falkowski and Raven, 1 997). Despite their extremely 
low biomass, marine net primary production accounts 
for nearly half of the global total (Field et al., 1 998; 
Behrenfeld et al., 2001 ). A corollary of the extraor- 
dinarily high productivity/biomass ratio is that, on 
average, the turnover time of oceanic photosynthetic 
biomass is approximately one week. Over hundreds 
of millions of years, natural selection, driven by the 
high turnover rates, has resulted in highly dynamic 
responses of the photosynthetic apparatus to the 
highly variable conditions that organisms inevitably 
encounter in the oceans. The application of variable 
chlorophyll fluorescence techniques has provided an 



unparalleled window into many of these responses. 
In this chapter, we discuss the application of variable 
fluorescence techniques to understanding the pho- 
tophysiological responses of marine photosynthetic 
organisms. 

A. Brief History of the Application of Chloro- 
phyll Fluorescence in Marine Ecosystems 

1. Estimating Photosynthetic Biomass 

Chlorophyll (Chi) a is the most convenient and spe- 
cific measure of photosynthetic biomass in marine 
ecosystems. However, the concentration of Chi a in 
the water column of the upper ocean is extremely 
small, ranging from 0.02 to up to ca. 20 pg/'L (under 
rare bloom conditions); the global mean Chi a con- 
centration in the upper ocean is 0.31 pg/L. Below 
the upper 200 m in the open ocean, Chi a concentra- 
tions decrease markedly, approaching no more than 
a few ng/L. It is possible to filter water samples to 
concentrate the organisms containing photosyn- 
thetic pigments, and to measure the concentration 
of individual pigments in solvent extracts by spec- 



Abbreviations: a PSII the optical absorption cross section of Photo system II; a* - the chlorophyll normalized optical cross section in 
vivo (m 2 /mg Chi a); AAP - aerobic anoxygenic phototrophs; a PSII - the optical absorption cross section (m 2 /mg Chi a); BChl - bac- 
teriochlorophyll; Chi a - chlorophyll a; DCMU - 3-(3,4-dichlorophenyl)- 1, 1 -dimethyl urea; E a absorbed irradiance; E 0 incident 
spectral irradiance (quanta nr 2 s -1 ); ETR - (photo synthetic) electron transport rate; ETR B - (photo synthetic) electron transport rate 
normalized to chlorophyll a; F - fluorescence (arbitrary units); f fraction of functional Photosystem II reaction centers ; F m maxi- 
mal value of fluorescence, measured in darkness; F 0 - minimal value of fluorescence, measured in darkness; FRR fast repetition 
rate (fluorescence method); F v variable fluorescence (F m F 0 ) ; HNLC -high nutrient-low chlorophyll region; IRFRR -infrared fast 
repetition rate fluorescence method; J aII - rate of light absorbed by Photosystem II ; k, first order rate constant for fluorescence (s -1 ); 
k, first order rate constant for non-radiative energy dissipation (heat) (s -1 ); kp - first order rate constant for photochemistry (s -1 ); LHII 
(or 2) - Light Harvesting Complex II (or 2); MODIS - mod erate resolution imaging spectroradiometer; n n density of Photosystem II 
reaction centers (Chi ^/Reaction center II); p B - net primary production normalized to chlorophyll; PAM - pulse amplitude modulated 
fluorescence method; PS II Photo system II; - photochemical quenching (dimensionless); *Q a - self-shading attenuation coefficient; 
RCII - reaction center II; SCUBA - self contained underwater breathing apparatus; a - distribution of excitation energy between pho- 
tosystems II and I; A(|> sat - the change in the quantum yield of fluorescence following a single turnover saturating actinic flash; o PSII the 
effective cross section of Photosystem II; <j) FII - fluorescence yield of Photo system II; <|> Fm maximum quantum yield of fluorescence; 
<|> Fo - minimum quantum yield of fluorescence; <j> n - quantum yield of fluorescence in PS II; (j) Pe - quantum yield of photochemistry in 
PS II (electrons/quanta) 
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Table 1. The higher taxa of oxygenic photoautotrophs, with estimates of the approximate number of total known species, and their distributions 
between marine and freshwater habitats.* (Original sources cited in Falkowski and Raven, 1997.) 



Taxonomic Group 


Known 

Species 


Marine 


Freshwater 


Empire: Bacteria (= Prokaryota) 

Kingdom: Eubacteria 

Subdivision: Cyanobacteria (sensu strictu) 


1,500 


150 


1,350 


(= Cyanophytes, blue-green algae) 
Subdivision: Chloroxybacteria (= Procholrophyceae) 


3 


2 


1 


Empire: Eukaryota 
Kingdom: Protozoa 

Division: Euglenophyta 


1,050 


30 


1,020 


Class: Euglenophyceae 
Division: Dinophyta (Dinoflagellates) 
Class: Dinophyceae 


2,000 


1,800 


200 


Kingdom: Plantae 
Subkingdom: Biliphyta 

Division: Glaucocystophyta 
Class: Glaucocystophyceae 


13 






Division: Rhodophyta 
Class: Rhodophyceae 


6,000 


5,880 


120 


Subkingdom: Viridiplantae 
Division: Chlorophyta 
Class: Chlorophyceae 


2,500 


100 


2,400 


Prasinophyceae 


120 


100 


20 


Ulvophyceae 


1,100 


1,000 


100 


Charophyceae 


12,500 


100 


12,400 


Division: Bryophyta (mosses, liverworts) 


22,000 


- 


1,000 


Division: Lycopsida 


1,228 


- 


70 


Division: Filicopsida (ferns) 


8,400 


- 


94 


Division: Magnoliophyta (flowering plants) 
Subdivision: Monocotyledoneae 


(240,000) 

52,000 


55 


455 


Subdivision: Dicotyledoneae 


188,000 


- 


391 


Kingdom: Chromista 
Subkingdom: Chlorechnia 

Division: Chlorarachniophyta 
Class: Chlorarachniophyceae 


3-4 


3-4 


0 


Subkingdom: Euchromista 
Division: Crytophyta 
Class: Cryptophyceae 


200 


100 


100 


Division: Haptophyta 

Class: Prymnesiophyceae 


500 


100 


400 


Division: Heterokonta 

Class: Baeillariophyceae (diatoms) 


10,000 


5,000 


5,000 


Chrysophyceae 


1,000 


800 


200 


Eustigmatophyceae 


12 


6 


6 


Fucophyceae (brown algae) 


1,500 


1,497 


3 


Raphidophyceae 


27 


10 


17 


Synurophyceae 


250 


- 


250 


Tribophyeeae (Xanthophyceae) 


600 


50 


500 


Kingdom: Fungi 

Division: Ascomycotina (lichens) 


13,000 


15 


20 



*The difference between the number of marine and freshwater species, and that of known species, is accounted for by terrestrial organisms. 
Dashes indicate that no species are known (by us) for their particular group in this environment. 
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trophotometric (Jeffrey andHuphrey, 1 975; Bidigare 
et al., 1988), (spectro)fluorometric (Yentsch and 
Menzel, 1963; Holm-Hanson et al., 1965), or chro- 
matographic techniques (Jeffrey, 1974; Falkowski 
and Schuder, 1981; Mantoura and Llewellyn, 1983; 
Jeffrey et al., 1997). While all these approaches have 
the advantage of high precision and accuracy, they 
are invariably time consuming and labor intensive. 
Sample throughput, a factor that is frequently critical 
in ecological or ecophysiological studies, becomes a 
limiting factor in determining patterns of distributions 
of photosynthetic organisms and rates. 

In an attempt to semi-quantify measurements of 
Chi a in situ, Carl Lorenzen (1966) introduced an in 
vivo fluorescence technique, where water samples 
were simply pumped from the ocean through a simple 
fluorometer on the deck of a ship. The excitation 
source and fluorescence emission were isolated by 
broadband and band-pass filters, respectively. By 
occasional calibration using solvent extraction on 
parallel samples, the absolute concentration of Chi 
could be estimated. This technique, which is widely 
used to this day in various instrumental incarnations, 



is extremely convenient and versatile. It can provide 
reasonable estimates of phytoplankton Chi biomass 
as a ship transverses large areas (Platt, 1972), or, 
when instruments are moored at a fixed position, 
it can provide a time series of phytoplankton Chi 
biomass (Wirick, 1993) (Fig. 1). Indeed, the basic 
concept has even been applied to space-based sen- 
sors, such that solar induced fluorescence of Chi a 
on the surface of the world ocean is detected on a 
daily basis (Fig. 2 and Color Plate 3). This approach 
is especially useful for estimating photosynthetic 
biomass in coastal waters, where dissolved organic 
matter and suspended sediments frequently interfere 
with the more accurate estimations of Chi based on 
backscattered radiance estimates of spectral absorp- 
tion (Abbott and Barksdale, 1991). 

2. The Rationale of in Vivo Chlorophyll Fluo- 
rescence as an Estimate of Photosynthetic 
Biomass 

Formally, the rationale behind the application of in 
situ fluorescence for estimating Chi a is based on the 
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Fig. 1. An example of a time-series analysis of in vivo chlorophyll fluorescence and sea surface temperature, recorded from an instru- 
ment package located 40 m below the surface in the Red Sea. The sharp drops in temperature in April and May are the consequence 
of storm-induced mixing of cold, deep waters with the more buoyant warm water in the upper mixed layer. These storms profoundly 
influence the chlorophyll distribution. As the season progresses, solar heating slowly results in an increased thermal gradient, leaving 
a quasi-stable warmer upper mixed layer. The phytoplankton in the mixed layer bloom in June and July subsequently become nutrient 
limited in August when the heating rate of the upper ocean is so great as to virtually isolate this layer from the nutrient-rich deeper 
waters (see Falkowski, 1994 for a brief review of this phenomenon). The ‘fuzzy’ nature of the fluorescence and temperature records is 
not ‘noise,’ but a manifestation of high-frequency fluctuations in these variables. (Figure courtesy of Creighton Wirick, Brookhaven 
National Laboratory.) 
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Chlorophyll Fluorescence Efficiency 

June 2001 




December 2001 




1 

0.0 0.01 0.02 0.03 0.04 0.05 

Fig. 2. Solar induced fluorescence yields as retrieved by MODIS. an Earth orbiting moderate resolution imaging satellite based sensor. 
The fluorescence retrievals are calculated from the water leaving radiances at 685 nm, which is subsequently corrected for atmospheric 
scattering, and then normalized to chlorophyll a (which is obtained independently from analyses of ocean color) and total spectral ir- 
radiance. The color version of this figure appears in Color Plate 3, Fig. 1 (left). 




assumption that accessory pigments, including Chi h 
and Chi c do not fluoresce in vivo, and that at physi- 
ological temperatures all Chi emission arises from 
pigment-protein complexes associated with Photo- 
system II (PS II), with a peak emission wavelength 
of 685 nm. Although most phycobilin containing 



organisms (cyanobacteria and cryptomonads), often 
fluoresce at shorter wavelengths, the fluorescence 
does not interfere with the retrieval of Chi. The rate 
of light absorbed (J aI1 ) by PS II in an optically thin 
suspension at a given excitation wavelength is related 
to the product of the excitation spectral irradiance, 
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E 0 x the concentration of PS II reaction centers within 
the suspension, n„, their optical absorption cross sec- 
tion, fl PS11 , and the mean fraction of the reduction in 
incident irradiance (Morel and Bricaud, 1981) due 
to self-shading within the plastids, *Q a : 

JalU'K = n il X E oX X a ps „ x X *Q a (1) 

Assuming that *Q a is constant at a given excita- 
tion irradiance, then the fluorescence emission is 
given by: 

F — §FU X n U X ^oK X a PSll X *Qa (2) 

where F is the PS II-normalized fluorescence and <t>„ 
is the quantum yield of fluorescence for PS II reaction 
centers. While in reality, all four of the biological 
variables in Eq. 2, namely, c|> FII , n n ,a psn , and *Q a vary 
with species and physiological state, nonetheless, 
this relationship can be empirically calibrated and is 
highly useful in deriving estimates of Chi in situ. 

B. The Discovery of Non-photochemical 
Quenching in the Oceans 

Early on in the approach of in vivo Chi fluorescence 
in aquatic ecosystems, it was realized that <j) FII varied 
systematically with background irradiance (Abbott et 
al., 1982) (Fig. 3). This phenomenon was most obvi- 
ous when comparing yields obtained during the day or 



at night: Night-time yields were almost always higher 
(Owens et al., 1980) (Fig. 4). Several approaches 
were used to reduce the variability, including adding 
3-(3,4-dichlorophenyl)- 1 , 1 -dimethylurea (DCMU) to 
the measured sample (Slovacek and Hannan, 1977), 
dark-adapting the sample prior to measuring the 
fluorescence yields, and controlling the intensity of 
the excitation light source. Although somewhat suc- 
cessful, none of these measures removed the effect. 
Only after the ‘discovery’ of non-photochemical 
fluorescence quenching, the xanthophyll cycle, and 
the photodegradation of PS II reaction centers (Fig. 
5), did it become clear that the time scale for the 
quenching process, on order of minutes to hours, 
will inevitably confound the measurement of Chi 
biomass in situ. (For a discussion of non-photochemi- 
cal quenching and xanthophylls cycle, see Chapters 
19, Bruce and Vasil’ev; 20, Golan et al.; 2 1 , Gilmore; 
and 22, Adams and Demmig- Adams.) Nevertheless, 
the basic approach toward assessing phytoplankton 
biomass from their fluorescence signal remains ex- 
tremely useful in aquatic ecosystems. 

II. Fluorescence-based Estimation of Pho- 
tosynthetic Electron Transport 

A method for real-time, non-invasive, non-destruc- 
tive, estimation of photosynthetic electron transport 
has been a goal of marine ecologists for a long time. 




Fig. 3. Variations in chlorophyll a fluorescence (F) and surface irradiance (L) measured in Lake Tahoe with a towed fluorometers at 
35 m. The correlation between the changes in irradiance, which is caused by clouds passing across the sky, and fluorescence is due to 
nonphotochemical quenching. T = surface temperature (flat line). (Modified from Abbott et al., 1982.) 
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Fig. 4. Vertical profiles of chlorophyll a, extracted in 90% acetone, 
taken from discrete depths, and simultaneous measurements of 
in vivo chlorophyll fluorescence taken at 08:00 and noon local 
time. Note the nonphotochemical quenching of fluorescence in 
the upper 20 m. (Owens et al., 1980.) 

This goal is potentially attainable from measure- 
ments of variable fluorescence using modulated light 
techniques, however, the application of the method 
requires some assumptions. 

A. Problems with Incubations 
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Fig. 5. The Stern Volmcr relationship for nonphotochemical 
quenching as a function of diatozanthin/chlorophyll ratio in a 
marine diatom. SV m = Stem Volmer coefficient at F m ; S V 0 = Stern 
Volmer coefficient at F 0 . (Modified from Olaizola et al., 1994.) 



of samples in bottles, especially in the oligotrophic 
open ocean, could lead to large artifacts due to trace 
metal contamination (Carpenter and Lively, 1980; 
Fitzwater et al., 1982), and from alterations in the 
community structure during the incubation (Eppley, 
1980). Because of these complications, alternative, 
instantaneous estimates of photosynthesis were 
sought. 



6. Theoretical Basis of Active Fluorescence 
Techniques 



Based on theoretical treatment of fluorescence in rela- 
tion to the competing energy dissipation pathways, 
Warren Butler (1972) showed that, in absence of 
energy transfer between PS IT reaction centers, the 
photosynthetic yield, d> p , can be expressed as: 



p =q x ^ 

' ' K+k.+k, 



7„(£ )x</> 



(3) 



The motivation for estimating photosynthetic rates in 
marine ecosystems stems from the desire to quantify 
the fluxes of organic matter through food webs and 
in biogeochemical cycles (Falkowski et al., 1998). 
In marine ecosystems, photosynthetic rates have 
traditionally been measured by following the uptake 
of radioactive inorganic carbon into particulate or- 
ganic matter. This method, introduced by Steemann 
Nielsen in 1 952 is extremely sensitive, but requires an 
incubation of samples in a confined space. By the late 
1970s, it became increasingly clear that incubation 



where k p , k p and k, are the rate constants for pho- 
tosynthetic, fluorescence, and thermal deactivation 
pathways for the excitation energy, q p is photo- 
chemical quenching (which, in the absence of energy 
transfer, defines the oxidation level of PS II reaction 
centers), and d> pmax is the maximum quantum yield 
of photosynthesis, observed when all reaction center 
(RC)IIs are open. 

The quantum yield of fluorescence, 0 FII , is ex- 
pressed as: 






764 



Paul G. Falkowski, Michal Koblizek, Maxim Gorbunov and Zbigniew Kolber 



4> fu (E o ) = q p (E o )(p F + (1 - q(E o M F 



^F.o 



k. 



<t>F 



k p +k f +k l 

k. 



k +k t 



(4) 



where c|) Fo is the minimum fluorescence yield, ob- 
served when all reaction center (RC) IIs are open, 
and <J> Fm is the maximum fluorescence yield, observed 
when all RCIIs are closed. From these, (|) pmax can be 
calculated as: 






^Fm ^F 

^Fm 



F -F 



(5) 



where F 0 and F m are the fluorescence signals measured 
in situation when all RCIIs are open, and closed, 
respectively. Assuming that energy is not transferred 
between reaction centers, q B which is a function of 
ambient irradiance, can be calculated from Eq. 4 
(also see Eq. 5) as: 



P ^Fm-^Fo F m ~ F o 



( 6 ) 



where F is the fluorescence signal measured under 
ambient irradiance. Combining Eqs. 5 and 6 allows 
us to express the photosynthetic yields as: 




The electron transport rate can therefore be cal- 
culated as: 



ETR = E xax 

a 




( 8 ) 



III. The Functional Absorption Cross Sec- 
tion of Photosystem (PS) II 

As elegant and simple Eq. 8 is, it requires an ac- 
curate estimate of the flux of excitation energy to 
PS II antenna, E a = E 0 x ap SII . While in terrestrial 
plants, a PSII can be assumed to be -0.85 (i.e. most 
of the light incident on the leaf is absorbed ), in ma- 
rine ecosystems, the determination of E a from the 
measurement of absorbance is virtually impossible. 
First, the low signal-to-noise ratio, and complicated 
relationship between beam attenuation and scattering 
due to the presence of particulate materials (such as 
bacteria and sediments) complicates assessment of 
the light absorbed by the photosynthetic pigments 
(Morel, 1978). Second, there is a very large variety 
of pigments in the marine environment, many of 
which are non-photosynthetic. This further confounds 
discrimination between the absorbed and the pho- 
tosynthetically available radiation. Third, pigment 
packaging strongly influences the distribution of the 
absorbed light among layers of pigment, decreasing 
optical cross section (Falkowski et al., 1 985). Finally, 
because of wide variations in PS II/PS I ratios and 
their respective cross sections, the distribution of 
the excitation flux between PS II and PS I varies 
between phytoplankton species, and is affected by 
their physiological state. 

This problem can be addressed by directly mea- 
suring the light absorbed by PS II reaction centers. 
The PS II absorption can be conveniently quantified 
in terms of the functional absorption cross section, 
o PSI[ (Ley and Mauzerall, 1982) where 





i y dq p \ 

4 P 91 o TO <q p < i)' 






(9a) 



and I 0 is the incident energy 



where E a is the light absorbed by the photosynthetic 
pigments, and a is a coefficient describing distribu- 
tion of the absorbed light between PS II and PS I 
(usually assumed to be 0.5). Non-photochemical 
quenching, q N , resulting from either an increase of the 
rate constant, k,, or a decrease in k f , affects both the 
photochemical and the fluorescence yield, preserving 
the integrity of Eq. 8 under a wide range of ambient 
irradiance levels. 



I o = J A ‘ Edt (9b) 

o 

delivered over a time At, when At is much shorter 
than the time constant for electron transport (neg- 
ligible reoxidation of PS II). Alternatively, o PSII can 
be expressed as a product of the optical absorption 
cross-section of PS II, a PSII , and the maximum quan- 
tum yield of charge separation, (|> pinax 
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a rm = a psn x ^ = a psu X ^ X 

q * ( 10 ) 

a PSII represents the RCII-normalized efficiency of the 
photosynthetic pigments for light harvesting, and 
<t> pmax represents the ability of the RCII to convert the 
absorbed light into electrons in the process of charge 
separation. The RCII-normalized rates of photosyn- 
thetic electron transport, ETR rcii , can therefore be 
calculated as: 

ETRrcii ~ E a * Qpsn x ^ — E a x o PSII x q p (1 1) 

o PSII can be assessed experimentally by applying a 
series of short flashes of varying intensity, and fitting 
the measured q p to a negative exponential equation 
(Mauzerall, 1986) 



under optimal environmental conditions, when all 
reaction centers are functional (i.e. f RCII =1), F v /F m , 
approaches 0.65. We therefore can simplify Eq. 13 
and empirically express f RCII (Kolber and Falkowski, 
1993) as 



/ = 



F 

\ m ) 



dark 



0.65 



(14) 



and calculate the photosynthetic electron transport 
rates normalized to Chi a as: 



ETR b = E x 

o 



/ c Ip x n Rcn 



F 1 

X — X 

F 0.65 

m 



(15) 



or 



q p = e~°psn xE (12) 

Alternatively, o ps „can be measured very precisely 
and rapidly using fast repetition rate (FRR) fluorom- 
etry (Kolber et al., 1998). 

In order to calculate the bulk photosynthetic elec- 
tron transport rate per unit Chi a, ETR B , Eq. 9 has to 
be multiplied by the concentration of the functional 
reaction centers. This parameter is proportional to 
the bulk concentration of PS II reaction centers, n RCII , 
scaled by the fraction, f, of the functional reaction 
centers, f RCII . We calculate f RCII from the F v /F m ratio 
measured in dark adapted samples. Assuming that, 
in darkness, the functional reaction centers display 
fluorescence yield F 0 , while the nonfunctional reaction 
centers display a yield approaching F m (i.e., by defini- 
tion, a non-functional reaction center does not trap 
excitation energy and has no variable fluorescence), 
F/F m in the dark can be expressed as: 
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(16) 

Assuming eight photons are required for each 
molecule of oxygen evolved, and the photosynthetic 
quotient is 1.5, net primary production, in terms of 
carbon fixed per unit Chi a, can be calculated as: 
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(17) 



Equation 1 7 operates on the incident irradiance, E 0 , 
while Eq. 8 requires knowledge of the light absorbed 
by the photosynthetic pigments, E a . Comparing these 
two equations allows one to express the relationship 
between E c and E a as: 



E a x &PSH x n Rcn 



1 1 

X X — 

0.65 a 
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(18) 



Empirically, this ratio varies between 0.20 to 0.65 
in the ocean, depending primarily on the local nutri- 
ent conditions (Kolber etal., 1990, 1994; Behrenfeld 
et al., 1996). Equation 13 leads to the postulate that, 



indicating that the light absorbed by the PS II pig- 
ments is proportional to the incident irradiance, the 
functional absorption cross-section of PS II, and the 
concentration of PS II reaction centers. 
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IV. Measuring Variable Chlorophyll Fluo- 
rescence in Marine Environment 

The fluorescence yield of PS II, <j> n , varies in response 
to the level of photochemical activity in PS II. This 
activity can be manipulated using an actinic light, 
and assessed from the measured changes in <j> n ,. Us- 
ing this approach, a variety of active fluorescence 
methods have been developed, where the actinic light 
of controlled intensity, duration, and spectral quality 
is used to selectively excite various components of 
the photosynthetic apparatus, and fluorescence yield 
is measured using either the actinic excitation, or is 
derived from the fluorescence signal induced by a 
separate, non-actinic (‘probe’) source. The simplest 
of such protocols is based on the ‘fluorescence induc- 
tion technique’ (Kautsky and Hirsh, 1931; Govindjee, 
1995 ) in which a brief exposure to a strong actinic 
source induces a fluorescence transient. The kinetics 
of such a transient are complex. On the time scale 
of milliseconds to seconds, the transient is primarily 
related to the redox state of electron carriers on the 
acceptor side of PS II (Q A , Q B , plastoquinone pool ). 
On time scales of minutes the transient is influenced 
by the activation of ribulose 1,5-bisphosphate car- 
boxylase/oxygenase, and the reduction of inorganic 
carbon. 

By the late 1970s, there was interest in applying a 
fluorescence induction technique to estimate photo- 
synthetic electron transport in aquatic ecosystems. 
In part, the inspiration for the initial work was based 
on the difference in fluorescence induction curve 
obtained in the presence and absence of DCMU 
(Malkin and Kok, 1966). The basic assumption is 
that, in the absence of DCMU, the integrated area 
over the induction curve represented the total number 
of electrons that can be injected into the electron 
transport chain between PS II and PS I, while that 
obtained in the presence of DCMU gave the single 
turnover of PS II alone. Normalization of the former 
to the latter provided a ‘working potential’, that is the 
maximum rate of electron transport per unit absorbed 
photons (Ishimaru et al., 1985). The technique was 
never widely adopted, primarily because it was more 
time consuming than informative for ecological 
studies, and because the equipment required for the 
measurements needed to be custom made (for further 
use of fluorescence induction technique, see Chapter 
12, Strasser et al.). 

An additional issue that is unique to measurements 
of variable fluorescence in aquatic ecosystems is the 



problem of the ‘blank’ . Because the concentration of 
chlorophyll is so low, and water contains many dis- 
solved fluorescent as compounds and non-fluorescent 
particles that scatter light, photons from these sources 
can leak into the chlorophyll emission wavelengths, 
giving an erroneously large F 0 value. Hence, deter- 
mining the background fluorescence becomes cru- 
cial to an accurate measurement of F 0 . Empirically, 
determination of F 0 in aquatic ecosystems requires a 
measurement of the background ‘fluorescence’. One 
way this is achieved is by subtracting the fluorescence 
of water filtered through a 0.22 pm pore size filter. 

A. Pump and Probe Fluorescence 

The introduction of flash photolysis by George Porter 
in the mid 1950s paved the way for the application of 
a ‘pump and probe’ method (Delosme, 1971; Mau- 
zerall, 1972) to investigate photochemical reactions 
with much greater control over the experimental 
protocol than afforded by an induction technique. 
The pump and probe approach uses a microsecond, 
saturating ‘pump’ flash to instantly reduce Q A (but 
not the plastoquinone pool ), and a weak, subsaturat- 
ing probe flash to measure the fluorescence changes 
induced by the saturating flash. Mauzerall (1972) 
used this technique to investigate the kinetics of the 
changes in fluorescence yields, from picoseconds 
to milliseconds. In the mid 1980s, Falkowski et al., 
(1984, 1986) had examined the application of the 
pump and probe technique for deriving a PSII and the 
quantum yield of photochemistry (Fig. 6). The change 
in the quantum yield of the probe flash following a 
saturating pump flash, Acj> sat , (the equivalent of F v /F m ) 
appeared to be extremely constant when measured 
in the dark for all nutrient replete eukaryotic algae, 
averaging ca. 0.65. By varying the intensity of the 
pump flash, a flash intensity saturation profile could 
be derived, from which a PSII could be calculated by 
applying a cumulative one-hit Poisson function (Ley 
and Mauzerall, 1982; Falkowski et al., 1986b). 

By following the change in A<j> sat with background 
irradiance, it was possible to identify specific irradi- 
ance-dependent ‘domains.’ At extremely low irradi- 
ance, A<|) sat decreased by ca. 1 5% from the dark-adapt- 
ed value (Fig. 7). The reduction was attributed to the 
generation of a ApH gradient. At low irradiance levels, 
A<j> sat was relatively constant; this region corresponds 
to the initial, linear portion of the photosynthesis-ir- 
radiance curve, where the probability of encountering 
a closed reaction center at the time of measurement is 
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Fig. 6. The relationship between pump energy and the change 
in the fluorescence yield of a high light (#) and low light (O) 
adapted diatom. Both curves follow a cumulative one hit Poisson 
distribution where the slope is proportional to the effective cross 
section of Photosystem II. 

vanishingly small. As irradiance increased however, 
A(|) sat decreased, reflecting an increasing fraction of 
closed reaction centers due to competition with the 
background light. At very high irradiances, the two 



components of A(j) sal , namely the F p (the fluorescence 
yield of the probe flash prior to pump flash) and F s 
(the fluorescence yield of the probe flash following a 
saturating pump flash), decreased markedly, but A(|) sat 
itself remained remarkably constant. In this region 
of the photosynthesis-irradiance curve it was clear 
that a ‘non-photochemical’ quencher was generated, 
and that it was virtually impossible to close all the 
reaction centers by light on the acceptor side of PS II. 
Falkowski et al. (1986) proposed that the non-photo- 
chemical quencher was a carotenoid. Further, based 
on simultaneous measurements of oxygen produced 
by the saturating flash, it appears that 10-15% of 
electrons from the donor to acceptor side of PS II 
at high light did not originate from water, but rather 
cycled around the reaction center (Falkowski et al., 
1986a; Prasil et al., 1996) 

B. Pulse Amplitude Modulated Fluorescence 

Simultaneously and independently, a second fluo- 
rescence technique was developed based on ‘pulse 
amplitude modulated’ (or PAM) method (Bradbury 
and Baker, 1984; Schreiber et al., 1986). Like the 
pump and probe method, PAM uses weak modulated 
measuring light to obtain a fluorescence signal. This 
approach makes it possible to accurately measure 
fluorescence yields even in the presence of a back- 




CONTINUOUS IRRADIANCE (q • cm~2 s" 1 ) 



Fig. 7. Change in the quantum yields of variable chlorophyll fluorescence and its component yields in relation to continuous background 
irradiance. Also plotted is the relative photosynthetic rate measured simultaneously on a bare platinum electrode. F b is the fluorescence 
induced by the continuous background light. (After Falkowski et al., 1988.) 
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ground light. Unlike the pump and probe technique, 
however, PAM based fluorescence yields are typically 
assessed with an actinic ‘flash’ lasting about 0.5 s, 
long enough so that it reduces all the quinones on 
the acceptor side of PS II. Because the PAM method 
uses relatively long actinic flashes (relative to the 
photochemical turnover of Q A ), the resulting reduc- 
tion of the plastoquinone pool can lead to an elevated 
value of F m . The exact biophysical cause of the rise 
in fluorescence yield (in eukaryotic algae and higher 
plant chloroplasts ) upon reduction of the pool is not 
clear (Samson etal., 1999). One possibility is that the 
change in the membrane potential resulting from the 
reduction of the PQ pool (and the accompanying pro- 
ton gradient) induces a Stark effect that modifies the 
fluorescence yield of chlorophyll molecules in core 
antenna complexes close to the PS II reaction center 
(Gottfried et al., 1991). PAM -based measurements 
of variable fluorescence are as much as 50% higher 
than those obtained using a single turnover flash 
approach. The resulting retrieval of the maximum 
quantum yield of photochemistry (e.g., F v /F m ) is cor- 
respondingly 10-15% higher. Despite this problem, 
the PAM method became widely applied in assessing 
photochemical and non-photochemical quenching in 
terrestrial environments and more recently in aquatic 
ecosystems. The technique and its application are 
described in Chapter 11, Schreiber. 

C. Fast Repetition Rate Fluorescence 

The most common fluorescence parameter, F v /F m , is 
frequently interpreted as a measure of the quantum 
yield of charge separation. This parameter is extreme- 
ly sensitive to the experimental protocol (Samson et 
al., 1999), complicating interpretation, and regret- 
tably, the validity of the experimental protocols used 
to measure F v /F m (Schreiber et al., 1986; Samson 
and Bruce, 1996; Kolber et al., 1998). The problem 
is confounded by the fact that both photochemical 
quenching, q B (which, strictly speaking should reflect 
the redox state of the first stable electron acceptor, 
Q a , and not the plastoquinone pool ) and nonphoto- 
chemical quenching, q N , conspire to modulate the 
measured fluorescence signal over the length of the 
experimental protocols. 

In an effort to accommodate both single and mul- 
tiple turnover flash techniques while simultaneously 
making more precise and rapid measurements of 
variable fluorescence a ‘fast’ repetition rate (FRR) 
fluorescence technique was developed (Kolber et 



al., 1998). The FRR fluorescence method uses a 
series of submicrosecond ‘flashlets’ to both selec- 
tively manipulate the photosynthetic status of PS II 
electron carriers (Q A and/or PQ pool), and to mea- 
sure the corresponding fluorescence transients. The 
excitation energy in the FRR fluorescence method 
is controlled by changing the length and the interval 
between flashlets, while maintaining the intensity 
of the flashlets constant. As a result, the measured 
fluorescence transients directly reflect the changes 
in the fluorescence yield. Moreover, in contrast to 
both the pump and probe and the PAM methods, the 
fluorescence yield is derived using a single excitation 
source, and is measured using the full power of the 
excitation signal, simplifying the design of the instru- 
mentation and greatly improving the signal-to-noise 
ratio. In addition, the FRR fluorescence technique 
allows one to derive the functional absorption cross 
section, the extent of excitation transfer between 
PS II reaction centers, the yield of charge separa- 
tion, and the kinetics of the photosynthetic electron 
transport on the acceptor side of PS II with a single 
excitation sequence. By controlling the excitation 
energy and the length of the excitation protocol, both 
single turnover, and multiple-turnover flashes can be 
generated (Fig. 8). 



V. Variations in the Maximum Quantum 
Yield of Fluorescence in Marine Environ- 
ments 

By the mid-1980s we began a series of experiments 
to assess how the quantum yield was influenced by 
simple, ecologically relevant variables, including 
acclimation to light, temperature, and nutrients. Pho- 
toacclimation in eukaryotic algae (see Falkowski and 
Chen, 2002) appeared not to significantly influence 
A<j> sat ; that is, under nutrient replete conditions cells 
that were allowed to fully acclimate to changes in 
irradiance had a maximum change in the quantum 
yield of variable fluorescence (F v /F m ) of ca. 0.65 
independent of species. Temperature also had little 
effect . However, in a study of the effect of nitrogen 
limitation using chemostats, there was a hyperbolic 
relationship between Acj) sat and nutrient supply (Kol- 
ber et al., 1988; Fig. 9) Specifically, as the rate of 
growth (as determined by dilution rate) decreased, 
F 0 increased and the maximum quantum yield 
declined. It was hypothesized that the decline was 
due to an ‘uncoupling’ of light harvesting pigment 
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Fig. S. Kinetic profile of single (ST) and multiple (MT) turnover flashes as induced and detected by the fast repetition rate fluorometer. 
(From Kolber et al., 1998.) 
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Fig. 9. The change in the quantum yield of photochemistry, 
as inferred from the change in the fluorescence parameter. 
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continuous cultures of marine phytoplankton. Cells were adapted 
to light limited conditions in turbidostats under nutrient saturated 
conditions, and in chemostats under light saturated conditions. // is 
the specific growth rate and // max is the maximum specific growth 
rate. Specific growth rate is the exponential (natural log) rate of 
growth w'ith units of 1 /time. (After Kolber et al., 1 988.) 



protein complexes from the reaction center, leading 
to radiative dissipation of the absorbed light in the 
antenna complexes (Falkowski, 1992). Whatever the 
biophysical mechanism, the observation offered an 
opportunity to test a long-standing debate in biologi- 
cal oceanography. 



A. Testing a Limiting Nutrient Hypothesis 

The question of whether rates of photosynthesis 
(and ultimately, growth) were limited by nutrients 
developed in the middle of the 20 th century, and 
by the late 1960s a view, championed primarily by 
Richard Dugdale and John Goering (see Dugdale, 
1967) emerged, suggests that in many regions of 
the world oceans the flux of nutrients, especially 
fixed, inorganic nitrogen, from deep waters into the 
euphotic zone was insufficient to maintain maximum 
photosynthetic rates. This view was challenged by 
Joel Goldman (1980), who suggested that although 
the concentration of dissolved inorganic nutrients 
such as ammonium or nitrate were indeed vanish- 
ingly low in the tropical and subtropical ocean gyres, 
the recycling rate of these nutrients was exceedingly 
high, such that cells were always growing near to 
the maximum rates. Variable fluorescence provided 
a way to test these two hypotheses. If Dugdale and 
Goering’s hypothesis was correct, there should be 
a significant spatial variation in A(|) sat in the ocean; 
however, if Goldman was correct, A(|) sat should be 
relatively constant. 

In 1 989, the first seagoing pump and probe fluorom- 
eter was used to derive real-time measurements of the 
changes in the maximum quantum yields in the ocean 
(Kolber et al., 1 990). The initial studies, conducted off 
the northeast coast of the United States, revealed that 
A(j) sat varied significantly, and non-randomly. Changes 
in A(j) sat appeared to be related to physical mixing 
along the coastal region, such that higher values of 
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A^a, were related to the gradient in fixed inorganic 
nitrogen. This fundamental observation was repeated 
in a transect from the oligotrophic central Atlantic 
gyre across the Gulf Stream onto the nutrient rich 
continental shelf (Kolber and Falkowski. 1992; Fig. 
10). These studies presaged an effort to elucidate 
other elements that potentially limited the quantum 
yield of photochemical energy conversion in the 
ocean, and clearly supported Dugdale and Goring’s 
view. Simply put, photosynthetic energy conversion 
efficiency in the ocean is physiologically limited by 
the availability of nutrients, especially fixed inorganic 
nitrogen. Could it be limited by other elements? 

B. Iron 

There are three major areas of the world ocean where 
dissolved inorganic nitrogen and phosphate (two 
‘macronutrients’) are never depleted in the euphotic 
zone, despite high irradiance. These areas are further 
characterized by lower than expected Chi concentra- 
tions, and hence are called ‘high nutrient-low Chi’ 
or HNLC regions. In the late 1980s, a chemical 
oceanographer, John Martin, suggested that the 
HNLC regions were the consequence of limitation of 
primary production by a trace element, iron. Despite 
the extraordinary abundance of iron in Earth’s crust, 
the concentration of the transition metal in the upper 
ocean seldom exceeds 500 pM, and in some regions 
is less than 100 pM. Iron is delivered to most of the 
remote regions of the ocean via wind-blown (aeolian ) 
dust from continental sources. The three HNLC 
regions, namely the sub-arctic Pacific, the eastern 
equatorial Pacific, and the Southern Ocean, are far 
removed from aeolian iron supplies, and Martin’s very 
careful measurements of iron in the upper portion of 
the water column clearly suggested that this element 
was exceedingly scarce. 

The ‘iron limitation’ hypothesis was initially met 
with skepticism; the marine sciences community did 
not believe that a trace element could actually limit 
phytoplankton production. In an effort to prove this 
hypothesis, Martin organized a cruise to the equatorial 
Pacific in which iron, in the form of ferrous sulfate, 
would be added directly to a 8 x 8 km section of the 
upper ocean and the effect would be compared with 
stations outside of the fertilized area. On that cruise 
we deployed a pump and probe fluorometer in an 
attempt to document the changes in A^, and other 
biophysical parameters. The results were dramatic; 
within 24 h following the addition of 2 nM iron, A(|> sal 
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Fig. 10. Chlorophyll distribution, variable fluorescence, photo- 
synthetic yields, functional absorption cross section, and Primary 
production calculated along the transect across the Middle Atlantic 
Bight off the New Jersey coast. (Kolber and Falkowski, 1992.) 
See Color Plate 3, Fig. 1 (right). 

increased by over 50%, and the change in the quan- 
tum yield clearly was in response to the iron alone 
(Kolber et al., 1994). The experiment was repeated 
in 1996, using the fast repetition rate fluorescence 
system, and it became immediately clear that the 
changes in quantum yields were a ‘leading’ indica- 
tor of the physiological response (Behrenfeld et al., 
1 996) (Fig. 1 1). Simultaneously, laboratory studies on 
the mechanism for iron limitation of photochemical 
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Fig. 1 1. The change in the photochemical quantum efficiency 
(F^FJ within the first 24 hours following the addition of iron 
in the eastern equatorial pacific. The inset shows the simultane- 
ous change in the effective absorption cross section in PS II. 
(Behrenfeld et al., 1996.) 

energy conversion in PS II suggested that a restriction 
in the synthesis of hemes prevented cytochrome 6559 
from forming functional reaction centers (Greene 
et al, 1992; Vassiliev et al., 1995; Fig. 12). Studies 
with 59 Fe suggested that the rapid effect of iron on 
changes in the quantum yield of photochemistry 
could be attributed to the recruitment of previously 
synthesized protein subunits of the cytochrome, 
which could become inserted into the PS II reac- 



tion center to form functional units once iron was 
made available. Subsequent application of variable 
fluorescence methods have been used to follow iron 
fertilization experiments in the Southern Ocean, and 
to provide ‘diagnostic’ evidence of iron limitation 
of photosynthesis in the South Atlantic and Pacific 
Oceans (Gervais et al., 2001; Coale et al., 2004). 



VI. Fluorescence-based Estimates of 
Primary Production 

Calculations of primary production using Eq. 17 are 
in good agreement with the uncertainties in estimates 
of net photosynthesis obtained using radiocarbon 
tracer techniques (Kolber and Falkowski, 1993) (Fig. 
13). Uncertainties arise in the fluorescence based 
estimates primarily from variability in the n RCI1 and 
the variability in distribution of Chi a between PS II 
and PS I. Assuming a constant Chi a/n RCII ratio of 
300 (mole/mole), we calculated primary produc- 
tion (mgC/day) over a 120 km long section across 
the Middle Atlantic Bight (Fig. 14). These results 
reveal a high level of spatial correlation between the 
Chi distribution and variable fluorescence measured 
by using FRR fluorescence, as well as between the 
photosynthetic yields and functional absorption 
cross section. 

Measurements of photosynthetic properties, such 
as F/F m and the functional absorption cross-section, 
over spatial scales of hundreds of kilometers, further 
reveal strong correlation with temperature (Fig. 1 4A). 
This is not a direct effect, rather the change in tempera- 
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Fig. 12. (A) Whole cell and (B) Membrane associated protein profiles of iron replete and iron deficient cultures of the marine chlorophyte 
Dunaliella tertiolecta. (C) Western blots showing the relative abundance of selected photosynthctic proteins. Note the over expression of 
the apoproteins of Cytochrome b559 in the iron deficient cells. Upon addition of iron there is a rapid induction of cytochrome synthesis 
that leads to the formation of functional Photosystem II reaction centers. 
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Fig. 13. Correlation between fluorescence based estimates of photosynthetic electron transport inferred from equation 16 and that 
derived from radiocarbon based estimates of primary production for 55 discrete samples taken from the North Atlantic over a period of 
two years (after Falkowski et al., 1991 ). 
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Fig. 14. (A) Sea Surface Temperature (Temp), Photochemical yield (Fy/Fm) and functional absorption cross section (a psll ) measured 
along 140 km long cruise track in Middle Atlantic Bight; (B) Net Primary Productivity (NPP) and Chi concentration along the same 
cruise track. 
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ture reflects mixing of cold nutrient-rich waters into 
the upper ocean. The nutrients enhance photoconver- 
sion efficiency (Fig. 1 4A ). The relationship between 
the temperature and the functional absorption cross 
section is much less clear, yet strong discontinuities 
are usually observed at temperature gradients. As a 
result, measured net primary production ( Fig. 1 4B ) is 
negatively correlated with temperature, and relatively 
independent of the Chi concentration. 



VII. Applications of Variable Fluorescence 
in Benthic Ecosystems 

Many oxygenic photoautotrophes live on or in sedi- 
ments in coastal areas. These photosynthetic activi- 
ties are poorly understood and usually ignored. The 
development of SCUBA (self contained underwater 
breathing apparatus )-based FRR fluorometers al- 
lowed for fluorescence yields and photosynthetic pa- 
rameters to be measured in situ in a variety of benthic 
organisms, including seagrass. macrophytes, algal 
turfs, and corals (Gorbunov et al„ 2000). The instru- 
ments acquire fluorescent parameters and an image 
of the target simultaneously. The former is extremely 
valuable in assessing the impact of environmental 
factors, such as irradiance, nutrients, temperature 
etc., on the photosynthetic performance, while the 



latter is for post-dive morphological examination of 
sampled targets and species identification. Physical 
parameters, such as in situ irradiance, temperature 
and depth, are simultaneously recorded by the sensors 
incorporated within the instrument. A diver-operated 
instrument allows for more than a hundred targets 
to be sampled within a single dive (Gorbunov et al., 
2000). A moored instrument is installed on a benthic 
platform to record a high-resolution temporal (from 
diel to monthly and seasonal) variability of target 
parameters (Gorbunov et al., 2001 ). 

SCUBA-FRR fluorometry allows for specific bio- 
optical signatures of benthic organisms to be identi- 
fied and quantified. The variability in fluorescence 
yields and photosynthetic characteristics in four 
major functional groups ofbenthic organisms (corals, 
macroalgae, seagrass. and algal turfs on sediments) 
is illustrated in Fig. 1 5. To avoid modulation of fluo- 
rescence data by non-photochemical quenching, we 
analyzed measurements in a dark or low light adapted 
state. The analysis revealed that fluorescence yields 
are highly variable within each functional group and 
overlap between the groups (Fig. 15A). In contrast 
to fluorescence yields, the photosynthetic parameters 
(F./F,,, and a PSII ) are much more conserved and spe- 
cific for each group of organisms. The combination 
of fluorescence yields and photosynthetic parameters 
prov ides signatures that are unique for each functional 




Fig. 15. Fluorescence and photosynthetic signatures of major functional groups of benthic photosynthetic organisms (Jacques et al. 
1979). (A) The effective absorption cross sections of PSII (o PSII ) plotted as a function of Chi fluorescence yield: (B) Op^, as a function 
of the quantum efficiency of light utilization in PSII (F/FJ. Note four clusters that represent different types ofbenthic organisms. 
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group (note four clusters in Fig. 1 5 representing differ- 
ent groups of benthic organisms). Below we analyze 
the range and sources of variability in fluorescence 
and photosynthetic characteristics within individual 
groups of benthic organisms. 

A. Corals 

In corals, the quantum yields of Chi fluorescence 
vary by a factor of ~3 between species (Fig. 1 6), with 
lower values in shallow corals (M. areolata, Favia f, 
P. astreoides) and generally higher values in deep reef 
corals ( Agaricia sp., Colpophylia sp., Diploria sp., 
Montastrea spp., and Scolamia ). At the same time, 
~ two-fold variability in fluorescence yields occurs 
even within common species. 

Like leaves of terrestrial plants, the majority of 
benthic organisms are optically thick and absorb most, 
or at least a significant fraction, of the incident visible 
irradiance. The fluorescence emitted from deep layers 
of the tissue may be re-absorbed, that decreases the 
measured quantum yield of Chi a fluorescence. There- 
fore, the observed quantum yields of fluorescence are 
primarily determined by the molecular quantum yield 
and the extent of fluorescence re-absorption. Our 
measurements of fluorescence lifetimes in a variety 
of corals and isolated zooxanthellae showed that the 
molecular quantum yields of Chi fluorescence at 
the F 0 level inversely correlate with F v /F m ratio, thus 
reflecting the general relationship between photosyn- 
thetic efficiency and Chi a fluorescence. (For further 
discussion of lifetime of fluorescence measurements, 
see Chapter 19, Bruce and Vasil’ev and Chapter 21, 
Gilmore. ) The narrow range of variability of F v /F m in 
corals (Fig. 16) suggests that the molecular quantum 
yields in dark-adapted corals are rather invariant. In 
contrast, the re-absorption of emitted fluorescence is 
highly variable, thus being the main factor control- 
ling the observed quantum yields in dark-adapted 
organisms. 

In contrast to fluorescence yields, both F v /F m ratio 
and a PSII vary within a very narrow range in ‘healthy’ 
corals (Fig. 16), both being statistically independent 
of fluorescence yields and species. Two natural pro- 
cesses were found to affect F v /F m ratios, deviating 
them from the ‘normal’ values. First, chronic pho- 
toinhibition, that develops in shallow (< 2m depth) 
waters, decreases F v /F m by 10% to 15% (Gorbunov 
etal., 2001). Second, elevated temperatures and sub- 
sequent coral bleaching reduce F v /F m by 30% to 50% 
(Warner et al., 1999; Lombardi et al., 2000; Lesser 
and Gorbunov, 2001). 



B. Algal Turfs and Macroalgae 

Algal turf s exhibit the highest a PSII and high photosyn- 
thetic efficiency (F v /F m averages 0.50). Fluorescence 
intensities vary by an order of magnitude, depending 
on algal density. Seagrasses exhibit the lowest o PSII 
and very high photosynthetic efficiency (F/F m =0.65 
to 0.70), except in senescent and dead leaves (F v /F m 
= 0.25 to 0.4). Macroalgae are characterized by the 
highest level of variability in both fluorescence yields 
and photosynthetic efficiency, that appears to be due 
to variations in the nutrient status of these benthic 
organisms. 



VIII. Aerobic Anoxygenic Phototrophs 

Aerobic anoxygenic phototrophs (AAPs) were 
discovered in the late 1970s in the coastal waters of 
Tokyo Bay, Japan (Harashima et al., 1978; Sliiba et 
al., 1979). These organisms contain type-2 BChl a 
containing reaction centers similar to those of purple 
non-sulfur bacteria; however, they are strict aerobes, 
requiring oxygen for both growth and photosynthesis 
(Yurkov and Beatty, 1998). Moreover, contrary to 
anaerobic photosynthetic bacteria they contain only 
small amounts of the reaction centers, and appear to 
be unable of photoautotrophic growth as they require 
a source of organic carbon (Kolber et al ., 200 1 ). Until 
recently, AAPs were thought to be confined to small, 
organic-rich ecological niches such as beach sands 
and stones, tidal zones, stromatolites and seaweed 
surfaces. Using an infrared FRR (IRFRR) instrument, 
equipped with 8 8 0 nm detector, and excitation sources 
at 470nm and 790 nm, we detected fluorescence 
transients, characteristic of bacterial photosynthesis, 
throughout the eastern equatorial Pacific (Kolber et 
al., 2000 ). Our laboratory measurements with marine 
AAP isolates revealed high values (0.8) of F v /F m ratios 
and rather small effective absorption cross-sections 
°rc = 40-43 A 2 at 470 nm. Such a small cross-sec- 
tion, and the lack of an absorption band at 790-800 
nm suggest the absence of the outer photosynthetic 
antennae (LH2) in these organisms. 

Oceanic AAPs are capable of light-dependent C0 2 
fixation (Kolber et al., 2001). Using IRFRR fluo- 
rometry, we found that the rates of light-dependent 
C0 2 fixation in laboratory-grown AAP isolates are 
relatively low, averaging at about 0.43 mol C/mol 
RC/s, with a maximum quantum yield of about 1% 
(mol carbon/mol quanta absorbed). These yields are 
about an order of magnitude lower than in phyto- 
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plankton. From these measurements, we estimated 
the daily cellular rates of C0 2 fixation at about 0.08 
fmol of carbon, or 3% of the cellular carbon con- 
tent. As the cells were grown in 2-20 mM organic 
medium, maintaining specific growth rates of four 
per day, CO, fixation contributed to about 1% of the 
total carbon anabolism. In the open ocean, however, 
where organic carbon is three orders of magnitude 
less abundant, the relative contribution of the C0 2 
fixation may be significantly higher. Nevertheless , the 
potential contribution of AAPs to the oceanic carbon 
cycle is determined by their ability to supplement, or 
substitute respiration with the light-driven generation 
of ATP andreductants for carbon anabolism, preserv- 
ing the existing organic carbon. Isolates of oceanic 
AAPs grown in carbon limited chemostat under a 
light/dark cycle displayed about two times higher 
biomass accumulation compared to heterotrophs. 
Such a mechanism of light-enhanced preservation of 
the organic carbon will affect the extent of the new 
production in the upper ocean, given that AAPs are 
abundant within the microbial community. 



IX. Concluding Remarks 

The human experience is closely tied to terrestrial 
ecosystems, but the oceans contain the evolutionary 
history of a continuous ecological parade of photo- 
synthetic organisms that have acclimated and adapted 
to, and ultimately transformed, the geochemistry 
of Earth. Photosynthesis is a constant participant 
in the ongoing stream of key biogeochemical and 
ecological processes. Biological oceanographers 
have spent decades trying to elucidate the major 
ecological factors that control photosynthetic pro- 
cesses in the contemporary ocean. The tools they 
have traditionally appropriated, including radiocar- 
bon based measurements of primary production, 
and solvent-extracted measurements of pigments, 
have, over the past decade, been supplemented by 
satellite observations of ocean color and solar stimu- 
lated fluorescence, and extremely sensitive active 
fluorometers that permit exploration of biophysical 
and physiological responses to changes in oceanic 
conditions in real-time. This revolution in ocean sci- 
ences will inevitably continue; however, the power of 
fluorescence techniques in revealing mechanisms and 
processes in the photosynthetic apparatus in marine 
phototrophs is just beginning to be appreciated. The 
future of these techniques will be most profound in 



connecting subcellular, indeed, molecular processes 
to global scale biogeochemical cycles. 
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Summary 

Inland water habitats have probably existed for as long as continental crust has been exposed to the atmosphere 
(3.5 Gy), although individual inland water bodies last for days to tens of millions of years. Inland water habitats 
are more physicochemically diverse than marine or terrestrial habitats for photolithotrophs in terms of spectral 
distribution of downwelling radiation and the range of concentrations of individual solute species. Now, and 
over the last 500-1000 My, there have been significant chemical inputs to inland waters from biologically en- 
hanced weathering by, and productivity of, terrestrial biota. Photosynthetic organisms in inland waters are, at 
the Phylum (Division) and Kingdom level, much more diverse than those on land, but rather less diverse than 
those in the sea. All of the planktonic organisms involved in inland water photosynthesis originated directly 
from marine habitats. While benthic algae (rhizophytic, haptophytic) also came directly from marine ancestors, 
pleustophytic, rhizophytic and haptophytic embryophytes (bryophytes, tracheophytes) are all derived from ter- 
restrial plants. Estimates of primary production in inland waters have come from measurements of changes in 
biomass, measurements of net gas exchange, tracer (mainly inorganic 14 C) uptake, and chlorophyll fluorescence 
measurements, the latter being the main theme of this book. The methods show a wide range of values as a 
result of varied light supply (mixing depth, light attenuation) and nutrient availability. Eutrophication (more 
N, P) increases primary productivity, often at the expense of biodiversity, and may reduce CO, outgassing 
from inland waters. Among the contributions that fluorescence techniques can make to the study of primary 
productivity in inland waters the most important are remote sensing of chlorophyll a fluorescence, continuous 
in situ measurement of algal fluorescence as a proxy for biomass and further development of fluorescence 
methods for estimating primary productivity. 



I. Introduction 

In this chapter, we will first provide a background 
on ‘inland waters’ before we present the use of chlo- 
rophyll (Chi) fluorescence in monitoring plant and 
algal life there. Inland waters do not represent a large 
fraction of the Earth’s surface and primary productiv- 
ity (Fig. 1). It is likely that, world-wide, inland water 
bodies respire more than they photosynthesize, and 
act as C0 2 sources to the atmosphere (Cole et al., 
1 994; see Sections II and IV). Although inland waters 
may not be critically important for biogeochemical 
cycling on a global scale, they are critical for hu- 
man survival. The physics and chemistry of inland 

Abbreviations: Chi - chlorophyll; Gy - gigayear (10 9 years); 
My megayear (10 6 years); PAR - photosynthetically active 
radiation; Pg petagram (10 15 g); P:R - photosynthesis to res- 
piration ratio 



waters are naturally more variable than those of the 
oceans, and have been modified by man’s activities 
more than have the oceans. These variations mean 
that the photosynthetic organisms in inland waters 
face greater global variability in their abiotic environ- 
ment than do marine photolithotrophs (Section II). 
Furthermore, the diversity of organisms involved in 
photolithotrophy in inland waters is much greater, at 
the Phylum and Division level, than that of terrestrial 
habitats, although rather less than that of the oceans 
(Section III). The great range of physics, chemistry 
and biota provides an under-exploited resource for 
examining some of the limits on the performance of 
the photosynthetic mechanism under natural, and 
man-modified, habitats. 
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Fig.l. Estimates of: a) global areal 1 O' 2 nr);b) areal net productivity (gCm : y 1 ) and c) net global productivity (10 l5 gC y~' = PgC y 1 ) 
for different types of habitat based on Raven and Johnston (1994) with data for net primary productivity of marine phytoplankton 
and terrestrial systems from Field et al. (1998), and areas of estuaries and marine benthic habitats and their net primary productivity 
(conservatively estimated as half of gross primary productivity) from Gattuso et al. (1998). Note that the category order is the same in 
each ‘pie’. 



II. The Habitat 

A. Geology and History of Lentic and Lotic 
Habitats 

1. Processes Producing Inland Water 
Habitats 

The hydrological cycle provides rain and snowfall 
to the terrestrial surface. Inland waters may be di- 
vided into essentially static (lentic) or moving (lotic) 
components of the return of liquid water at the land 
surface to the ocean (see Table 1 for a glossary of 
hydrological and hydrobiological terms). By an 
electrical analogy, lotic habitats are the conductors 
of surface waters and lentic habitats the capacitors. 
The capacitor elements arise from impediments to 
water flow that arise from tectonic movements (e.g. 
rift valleys), volcanic activity, landslips, solution of 
soluble rock, glaciation and the action of rivers, the 
wind and coastal processes (Hutchinson, 1957). 

2. Size and Lifespan of Inland Water Habitats 

There is generally an inverse relationship between 
size and lifespan. The smallest (less than one m 2 ) and 
short-lived (hours-days) lentic habitat is the puddle 
fed by rainwater plus surface flow and emptied by 
percolation and evaporation. The oldest extant inland 



waterbody is Lake Baikal which was formed in a still 
widening rift valley 25 million years ago and is still 
the world’s deepest lake at 1 .74 km, as well as being 
the second largest in water volume and the eighth 
largest in area (Horne and Goldman, 1 994). Another 
aspect of lifespan is hydraulic residence time; Lake 
Baikal has an average residence time of about 400 
years (Kozhova and Izmest’eva, 1998), while Lake 
Superior, the largest non-sink lake in area terms, has 
a hydraulic residence time of 184 years, and Lake 
Tanganyika has a residence time of 6000 years (Horne 
and Goldman, 1994; Kalff, 2002). 

For lotic habitats, the largest river with the largest 
discharge is the Amazon (Horne and Goldman, 1 994) 
with water entering the river in the Andes taking 
several weeks to reach the Atlantic. Other smaller 
rivers have shorter maximum (source to ocean) 
residence times. 

3. When Did the Earliest Inland Water Habi- 
tats Occur? 

Continental crust exposed to the atmosphere has 
existed for 3.5 Gy. The first evidence of inland water 
ecosystems, as methanotroph-based systems, is from 
2.76 Gy ago (Rye and Holland 2000), with terres- 
trial microbial photolithotrophic communities from 
2.6 Gy ago (Watanabe et al., 2000). A continuity of 
short-lived (less than a few tens of My) freshwater 
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Table 1. Glossary of hydrological and hydrobiological terms 



Allochthonous : 
Bryophytes : 

Diet 
Dimictic : 

Embryophyte : 

Epilimnion: 

Haptophyte : 

Hydraulic residence time : 
Hypolimnion : 

Isoetid : 

Lentic : 

Lotic : 

Monomictic : 

Planophyte : 

Planktophyte : 
Pleustophyte : 

Rhizophyte : 

Thermocline : 



Material derived from outside the system under consideration 

Taxonomic term for embryophytes other than the vascular plants (see tracheophytes ); includes 
hornworts, liverworts and mosses 

Relating to a 24 hour light-dark cycle 

Of a lentic water body that is stratified in summer and winter and so has two mixed periods per 
year. 

Taxonomic term for the monophyletic group of plants comprising bryophytes and tracheo- 
phytes. 

The less dense upper-layer of a stratified water body which is above the thermocline. 

Term for life-form in which (mainly aquatic) plants are attached to substratum which is large rela- 
tive to the size of the plant (e.g. a typical seaweed, many aquatic mosses, benthic diatoms). 

The average time that a water molecule spends in a water body. 

The denser lower layer of a stratified water body that is below the thermocline. 

A rhizophytic vascular plant that has a basal rosette of leaves and a large root biomass relative 
to total biomass. 

A standing inland water body where water movement is driven primarily by wind-stress. 

A flowing inland water body where water movement is driven primarily by gravity. 

Of a lentic water body that is stratified only in summer and so has one mixed period per year. 

Term for life-form of plants that float in the water rather than being attached (benthic) to the 
susb stratum (see planktophyte, pleustophyte). 

Microscopic planophyte. 

Large planophytes. 

Term for life-form in which plants are rooted in substratum with a grain size which is small rela- 
tive to the size of the organism. 

Depth-zone in a stratified lentic water body with abrupt changes in temperature separating the 
less dense epilimnion from the denser hypolimnion. 



habitats ever since 2.76 Gy ago could have been 
interrupted by global Palaeoproterozoic (2 .4-2.2 Gy 
ago) and Neoproterozoic (820-550 My ago) glacia- 
tions (Williams et al., 1998). Just as mid-oceanic 
crustal ‘hot spots’ could provide a surface liquid 
water niche for photolithotrophs in the sea, so hot 
springs on land could perhaps have sustained inland 
water photolithotrophs , and possibly the surrounding 
terrestrial biota. 

B. Physics of Lentic and Lotic Habitats 

1. Electromagnetic Radiation 

Pure water absorbs mainly at longer wavelengths in 
the photosynthetically active radiation (PAR) range 
400-700 mn, with more absorption of the damag- 
ing UV-B (280-315 nm) than of blue (400-500 nm) 



radiation (JTO Kirk, 1994a,b). Pure water is best ap- 
proximated in natural waters by such lentic habitats 
as Crater Lake and Lake Tahoe that have relatively 
small terrestrial catchments (Horne and Goldman, 
1994; JTO Kirk, 1994a). In other lakes, dissolved 
organic materials, mainly from terrestrial ecosystems, 
and particulates, cause greater, and spectrally depen- 
dent, increases in attenuation of radiation caused by, 
respectively, absorption and scattering ( Home and 
Goldman, 1994; JTO Kirk, 1994a,b). Absorption by 
dissolved organic solutes, and absorption and attenua- 
tion by phytoplankton and macrophytes are the maj or 
causes of further light attenuation in lentic habitats 
(Horne and Goldman, 1994; JTO Kirk 1994a,b). A 
range of light attenuation values, expressed as the 
depth at which subsurface irradiance is reduced to 
1%, is shown for a range of lakes of different trophic 
type (Fig. 2). In lotic environments, and especially 
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Wastwater Crummock Derwent Esthwaite Wet 

Water Water Water Sleddale 



Fig. 2. Depth where light is attenuated to 1% of sub-surface value in six Cumbrian lakes in the following wavebands : UV-B (280- 
315 nm); UV-A (320-400 nm): Blue (420-440 nm); Green (540- 560 nm) and red (650-670 nm) measured with a spec troradiome ter in 
June or July 1994. Wastwater is ultra-oligo trophic, Crummock Water is oligotrophic, Derwent Water is me so trophic, Esthwaite Water is 
eutrophic and Wet-$leddale is a brown-water lake. Unpublished data of SC Maberly HR Taylor and DG George. 



in large rivers, attenuation is largely by non-living 
suspended particulates (Horne and Goldman, 1 994). 
The attenuation of photosy nthetically active radiation 
(PAR) dictates the depth of the euphotic zone, i.e. 
the zone within which a stationary photosynthetic 
organism can gain carbon over a diel cycle; the depth 
of this zone depends on the organisms involved (JTO 
Kirk, 1994a; Raven et al., 2000). 

2. Temperature 

Antarctic lakes are at permanently low temperatures. 
At the other extreme are hot springs which originate at 
temperatures too high for the growth of eukaryotic, or 
even prokaryotic (cyanobacterial) photolithotrophs. 
In temperate and tropical lentic water bodies the 
combined effect of the absorption of radiation by 
water, and by dissolved and particulate matter, is to 
cause heating of surface waters. If the water body is 
shallow, then the whole water body is isothermal at 
the surface temperature. Deeper water bodies, even 
with the greatest possible mixing due to wind shear 
with the surface, stratify, with the warmer, less dense, 
surface water above the cooler, denser, deeper waters. 
This scenario requires that the deeper waters are at 
or above 4 °C, the temperature of maximum density 
of water, so that the hotter, surface waters are less 
dense than the deeper waters. In the tropics such 
stratification may be dispersed on a diel basis. In 



temperate and polar waters the stratification occurs 
on a seasonal basis. Monomictic water bodies are 
never completely ice-covered, and winter is a single, 
continuous wind-stirred episode (Horne and Gold- 
man, 1994). Dimictic lakes have continuous winter 
ice-cover, with deep mixing in autumn and spring, 
before and after the ice-induced stratification, and 
after and before the summer stratification. 

3. Water Movements 

In lentic environments the major water movements 
are the vertical and horizontal movements related 
to wind shear effects. For monomictic and dimictic 
lentic water bodies the summer stratification produces 
a relatively shallow epilimnion (upper mixed layer) 
in which phytoplankton are entrained, so that the 
photolithotrophs generally circulate to a depth which 
permits photolithotrophic growth over a 24 h period 
in the summer, assuming adequate nutrient supply 
(see Section II.C). Seasonal variations in mixing 
depth can incorporate nutrient-rich waters from the 
hypolimnion of deep lakes into the euphotic zone, 
supplementing riverine inputs. Episodic weather- 
driven events can also entrain hypolimnetic water, 
resupplying nutrients and inorganic carbon to the 
epilimnion (Maberly, 1996). In lotic environments the 
water movements are mainly gravitationally driven. 
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Fig. 3. Daily mean concentration of free C0 2 and the calculated air-equilibrium concentration of C0 2 for an atmospheric partial pressure 
of 350 ppm in the surface of Esthwaitc Water during 1993. Derived from data in Maberly ( 1996). 



C. Chemistry of Lentic and Lotic Habitats 

Inland waters are closely coupled to the geology and 
soils of the terrestrial catchment through which they 
flow producing a great chemical diversity of water. 

1. Inorganic Carbon 

Weathering of the land surface, with very significant 
influences from terrestrial biota, supplies HCO, and 
C O; to inland waters. The atmospheric C O, dissolved 
in rainwater is supplemented by CO, from respira- 
tion of soil biota, and by subsequent respiration of 
organic carbon in ground-water tliat becomes inland 
waters. The balance of HCO, plus COj" and of C0 2 
supplied by these processes are major determinants 
of the alkalinity (acid neutralizing capacity) and pH 
of inland waters. These factors increase inorganic C, 
and especially CO,, concentrations in non-sink inland 
water bodies, particularly for the smaller water bodies, 
which are frequently sources of C O, to the atmosphere 
(Cole et al„ 1 994). Many lentic environments which 
function as sinks in high-evaporation, low-precipita- 
tion environments have very high inorganic C, and 
especially HCO, and CO{ , concentrations, although 
some have other dominant anions (e.g.. Cl or SOj ). 
The extent of biologically mediated changes in CO, 
and other inorganic C species in inland waters de- 
pends on the availability of other nutrients and light 
in permitting the build-up and activity of photosyn- 
thetic biomass. These biological transformations 
are frequently rapid leading to disequilibrium with 



the atmosphere because of relatively slow air-water 
exchange. This can produce either substantial carbon- 
depletion in productive waters or substantial carbon 
excess in predominantly heterotrophic waters. Over 
diel, episodic and seasonal time-scales, the surface 
concentration can vary over a large dynamic range 
(Tailing, 1976; Maberly, 1996, Fig. 3). 

2. Oxygen 

While oxygen variations might be expected to be the 
inverse of carbon dioxide (and other inorganic carbon 
species) in inland water, this tends to be true only over 
limited spatial and temporal regimes. Smaller inland 
waters show larger changes in oxygen levels around 
photosynthetic organs than are found for most marine 
habitats (except higher intertidal rock pools) and any 
terrestrial habitats. The hypolimnia of productive 
lakes may become anoxic when respiratory demand 
exceeds re-supply, with profound consequences for 
redox -mediated chemistry and depth-distribution and 
survival of organisms (Horne and Goldman, 1994; 
Kalff, 2002). 

3. N, P, Si, K, Ca, Mg, S, Fe, Mn, Cu, Zn, Cl, 

Mo 

The chemical variety of inland waters means that 
there is the potential for several essential elements 
(N, P, Si, K, Ca, Mg, S, Fe, Mn, Cu, Zn, C and Mo) 
to limit the accumulation of biomass, and the primary 
productivity. Phosphorus ( P ) is the element most com- 
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monly held to limit inland water primary productivity 
(Vollenweider 1968; Hudson, Taylor and Schindler, 
2000), although other elements are sometimes limit- 
ing such as nitrogen, N (Elser et al., 1990). Silicon 
(Si) may limit growth of diatoms (Lund, 1950). 

At the other extreme are high concentrations of 
available N and P mainly, but not always, as a result 
of man’s activities, and the naturally very high solute 
concentrations in sink lentic habitats. These high 
solute concentrations yield water potentials as low 
as -40 MPa, equivalent to equilibrium with 50% 
relative humidity in air. Algae can grow in both of 
these habitats (Raven, 1993). 

4. Organic Carbon from Terrestrial Ecosys- 
tems 

We emphasize the generally net heterotrophic (che- 
moorganotrophic) nature of inland waters, resulting 
from inputs of organic carbon (C) from terrestrial 
biota in the catchment (Duarte and Agusti, 1998). 
This organic C input is more important (relative to 
photolithotrophy) in smaller water bodies, although 
the same principle also applies to the ocean which 
receives some 0.4 Pg organic C per year in rivers 
(Holland, 1995). 



III. The Organisms 

A. Taxonomy and Phytogeny 

1. Primarily Aquatic Photosynthetic Organ- 
isms in Inland Waters 

Many photosynthetic organisms in inland waters have 
never lived other than in water, and are derived from 
marine ancestors without an intervening terrestrial 
stage. These organisms are cyanobacteria and mem- 
bers of the polyphyletic and heterogeneous eukaryotic 
photolithotrophs known as algae. The algae (and em- 
bryophytes or higher plants) arose by endosymbiosis 
of a cyanobacterium with a phagotrophic eukaryote 
to yield green (Chlorophyta) and red (Rhodophyta) 
algae. Secondary endosymbioses of green and red al- 
gal uni cells with other phagotrophic eukaryotes gave 
rise to other phyla of algae such as the Chlorarach- 
niophyta, and Euglenophyta (green endosymbionts) 
and Cryptophyta, Haptophyta and Heterokontophyta 
and, probably, Dinophyta (red endosymbionts). Ter- 
tiary endosymbioses involve certain dinoflagellates 
that have ingested, and incorporated as plastids, algae 
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which themselves have arisen by secondary endosym- 
bioses (Bhattacharya and Medlin, 1995; Falkowski 
and Raven, 1997; Blankenship, 2002). In all of these 
cases the plastids depend on nuclear genes for 90% 
or more of the genetic information needed for their 
functioning. These endosymbiotic events occurred in 
the ocean, and all but the chlorarachniophytes from 
the above-mentioned phyla of algae, as well as the 
cyanobacteria, have independently invaded inland 
waters, including the predominant low-osmolarity 
inland waters (Raven, 1984; van den Hoek et al, 
1995). Evolution of algae in inland waters may have 
occurred at the level of origin of Classes (e.g. the 
Class Synurophyceae in the Phylum (= Division) 
Heterokontophyta) and lower levels of taxonomy, 
with many genera (e.g. of diatoms) having species 
in both the ocean and ffeshwaters with the oceanic 
representatives being ancestral. Another aspect of the 
evolution of phototrophs in inland waters includes the 
occurrence of green algal ( Chlorella ) endosymbionts 
of ciliates, sponges, cnidarians and lamellibranchs; 
these endosymbionts are still capable of life in the 
absence of their symbiotic partners (Smith and Doug- 
las, 1987). Green algae are rare in marine symbioses, 
while the dinoflagellate symbioses so common in the 
ocean are not known from inland waters (Smith and 
Douglas, 1987). 

The great diversity of pigmentation involved in 
photosynthesis in the algae may have selective sig- 
nificance in the varied spectral attenuation of down- 
welling light found in different inland water bodies, 
but is not particularly obvious in most cases. 

2. Secondarily Aquatic Photosynthetic Organ- 
isms in Inland Waters 

The great majority of photosynthetic organisms in 
ffeshwaters whose immediate ancestors lived on 
land are embryophytes. The embryophytes arose 
from charophy cean (sensu lato ) green algae (van den 
Hoek et al., 1995), and are characterized by aerially 
dispersed meiospores or their derivatives, indicating 
a terrestrial origin of the clade. Secondarily aquatic 
members of the embryophytes are found in inland 
waters; organisms at the bryophyte, pteridophyte 
and angiosperm grades are involved. The features of 
these organisms related to their terrestrial existence 
present both challenges and opportunities upon their 
return to aquatic existence, having evolved from ul- 
timately marine, and more immediately freshwater, 
algal ancestors 
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B. Life Forms 

1. Planophytes: Planktophytes 

Planktophytes are microscopic members of the Pla- 
nophyte life form (floating plants), and are all algae 
(Fig. 4, top). Some are motile using flagella, many 
cyanobacteria have gas vacuoles, but the majority are 
denser than the surrounding water and lack flagella. 
The unicellular members of the inland water plankton 
have a volume range of more than a million fold, 
with several further orders of magnitude added by 
the occurrence of cells in colonies. The implications 
of the range of phylogenetic origin, size and motility 
for resource acquisition and retention has been very 
widely considered, and provide some fascinating case 
studies (Reynolds, 1984; DL Kirk 1998). 

2. Planophytes: Pleustophytes 

Pleustophytes are larger unattached organisms, and 
are almost all embryophytes. Some are free-floating 
at the water surface, others grow near or at the bottom 
of shallow parts of water bodies. 

3. Haptophytes 

Haptophy tes are benthic ( attached to the substratum ) 
and have attachment organs that are small relative to 
the substratum particle size (Fig. 4, middle). They 
range from diatoms attached to sand grains, to green 
and red macroalgae and embryophytes and some 
angiosperms (Podestemaceae) attached to rocks 
(Raven, 1984). 

4. Rhizophytes 

Rhizophytes are also benthic, and have attachment 
organs that are large relative to the particle size of 
the substratum. Most terrestrial embryophytes are 
rhizophytes, as are many aquatic vascular plants ( Fig. 
4, bottom ) and bryophytes. Sediments are usually sites 
of intense mineralization and the rhizoids or roots can 
act specifically in nutrient supply as well as in attach- 
ment ( Raven. 1 984). This nutrition via roots can even 
extend to the supply of CO ; (Raven, 1984). 

C. Biogeography 

The relatively short lifespan of inland water bodies 
(Section 1I.A.2) has not prevented very significant 
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Fig. 4. Algal and plant life forms in standing water. Top: Plankto- 
phytes (phytoplankton community from North Basin of Winder- 
mere) showing unicellular, colonial and filamentous algae from a 
range of taxonomic groups (photo courtesy of Dr Hilda Canter- 
Lund). Middle: Haptophytic red macroalga Lemanea mamillosa , 
note another haptophyte, Fontinalis and an epiphytic red alga 
on some of the filaments (photo courtesy Mr Trevor Fumass). 
Bottom: Submerged rhizophytic angiosperms (from about 3 m 
in Loch Borralie, Scotland: photo by the late Professor D. H. N. 
Spence). See Color Plate 6. 



speciation (e.g. of fish in East African Lakes). How- 
ever, microbial morphospecies seem to be generally 
ubiquitous (Finlay and Clarke, 1999) which implies 
relatively ready transport among transient habitats. 
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IV. Primary Production and Biomass 

A. Methodology 

1. Biomass and Change in Biomass 

Biomass is the result of gross production minus in- 
ternal losses such as respiration, excretion and death 
and also external losses such as grazing, parasitism, 
mechanical breakage and, for phytoplankton, flush- 
ing. In lakes with short retention times, flushing ( flow- 
through of water) can prevent high phytoplankton 
biomass from accumulating, even when high nutrient 
levels allow high productivity (Reynolds and Lund, 
1 98 8). In rivers, flushing is of course a fact of life and 
rivers with short retention times have low phytoplank- 
ton biomass because, dead-zones not withstanding 
(Reynolds, 1 994), the cells may only have a few days 
to grow. As a result, a relatively large phytoplankton 
biomass is only produced at times of drought or in 
large slow-flowing rivers (Kohler, 1994). 

Biomass is measured as the mass of fresh material, 
dry material, Chi a or, less commonly, carbon per unit 
area. Phytoplankton abundance is most commonly 
expressed as a concentration of Chi a. While not a 
ti ue biomass, its measurement is rapid and convenient 
because of the absence of contamination by detritus, 
although subject to changes in proportions of Chi a 
to cell weight or carbon content resulting from avail- 
ability of resources such as light or nitrogen. An 
alternative estimate of phytoplankton abundance, 
again as a concentration, is based on measuring cell 
density and cell volume to estimate biovolume per 
unit water volume . Approximate factors are available 
(Wetzel and Likens, 2000) to convert biovolume to 
other measures. Both concentration of Chi a and 
biovolume can be converted to an area-based mea- 
surement by multiplying the concentration by the 
mean depth of the water body. 

Biomass changes for emerged and, to a lesser 
extent, submerged macrophytes are widely used to 
estimate production. Kvet and Westlake (1998), in a 
broad discussion of this topic, point out that care has 
to be taken to quantify losses and to take underground 
biomass into account. 

2. Net Gas Exchange 

Photosynthesis consumes carbon dioxide and pro- 
duces oxygen, although the ratio of oxygen evolution 
to carbon dioxide assimilation, the photosynthetic 
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quotient, is neither always one nor always constant 
(Geider and Osborne, 1992). Changes in oxygen con- 
centration are widely used to estimate photosynthesis, 
particularly for in situ incubations, dating back to the 
development of the Winkler titration method (1888) 
and the use of light and dark bottles (Gaarder and 
Gran, 1927). Modern improvements that detect the 
titration endpoint by amperometry (Tailing, 1 973) or 
photometry (Williams and Jenkinson, 1982) allow 
a precision of 0.3 mmol 0 2 nr 3 or better. The Clark 
oxygen electrode is commonly used in laboratory 
experiments and micro-electrodes have been devel- 
oped that can be used to measure gradients across 
biofilms and calculate rates of photosynthesis by 
measuring the change in oxygen concentration fol- 
lowing a change from light to dark in the laboratory 
or field (Revsbech et al., 1981). In a lake or river, 
estimates of photosynthesis free from artifacts caused 
by enclosing cells (such as reduced water movement , 
stranding of cells at one light level), can be obtained 
from diel changes in concentration (Odum, 1956). 
However, this method requires estimates of air-wa- 
ter exchange and will be inaccurate where vertical 
mixing or horizontal advection is a large component 
of the daily change in concentration (Geider and 
Osborne, 1992). 

Photosynthetic rates based on changes in carbon 
concentration can equally be used in open- water, in 
situ enclosures, or laboratory experiments, but are 
less common, apart from tracer measurements (see 
below). Nevertheless, carbon exchange rates can be 
calculated from changes in total inorganic carbon, 
measured by acidifying samples to convert all forms 
of inorganic carbon to C0 2 that is then measured 
in the gas phase with an infra-red gas analyzer or a 
gas chromatograph (Stainton, 1973). Alternatively, 
inorganic carbon concentration can be calculated 
from pH, temperature, ionic strength and alkalinity 
(Tailing, 1973). 

3. Tracer Methods 

The introduction of the radio-carbon method to es- 
timate carbon uptake by Steemann Nielsen (1952) 
heralded a revolution in the measurement of photo- 
synthesis in oceans and inland waters. The method 
is sensitive and rapid and allows photosynthesis to 
be measured in oligotrophic oceans and lakes where 
accurate measurements are difficult with other tech- 
niques. Drawbacks of the method include the need 
for enclosure, loss of dissolved organic 14 C and, most 
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importantly, controversy over what exactly 14 C uptake 
measures (Geider and Osborne, 1992). 14 C uptake 
appears to measure rates intermediate between gross 
and net photosynthesis depending on physiological 
state and length of incubation. The controversy con- 
tinues however, with suggestions that earlier estimates 
of low P:R (photosynthesis to respiration) ratios in 
oligotrophic inland waters (del Giorgio and Peters, 
1994 ) may be an artifact caused by the use of the 14 C 
method (Carignan et al., 2000). 

Stable isotopes of carbon ( 13 C ) and oxygen ( 18 0) 
are not routinely used in inland waters but are used 
in the laboratory as tracers in studies on photosyn- 
thesis mechanism such as the carbon form taken up 
in photosynthesis, the activity of carbonic anhydrase, 
or respiration in light and dark (Geider and Osborne, 
1 992). Recent work onnatural abundance oxygen iso- 
topes suggest that P:R can be estimated from oxygen 
isotope ratios in situ (Wang and Veizer, 2000). 

4. Chlorophyll Fluorescence 

Chlorophyll fluorescence has long been used to 
measure the Chi a concentration in lakes and oceans 
either after extraction in an organic solvent, as a more 
sensitive method than absorption spectrophotometry, 
or in situ to measure fine spatial changes (Lorenzen, 
1966). Similarly, remote sensing methods using air- 
borne or space-bome spectrometers have been used 
to assess water quality of inland systems (Brivio et 
al., 2001) and marine systems. This approach has 
traditionally relied on differential absorption of spe- 
cific bands of PAR and remote sensing of upwelling 
radiation. However, Moya and Z. Cerovic (Chapter 
16) argue that Chi a fluorescence is a more reliable 
signal because it is isotropic. Indeed, remote sensing 
of the Chi a fluorescence has recently been applied 
to lakes in Finland (Hanna et al., 2001). 

Analyzing transients of fluorescence change in 
response to changes in light and dark and light ir- 
radiance has the potential to provide insight into 
mechanisms controlling photosynthesis rates and a 
rapid, non-intrusive, method for measuring rates of 
photosynthesis over a wide temporal and spatial range 
(Chapters 3 , Baker and Oxborough; 10, Kramer et al.; 
1 1, Schreiber; 12, Strasser etal.; and 18, Krause and 
Jahns ). The method has not yet been as widely used 
in inland waters as in terrestrial and marine systems. 
The analysis of Chi fluorescence transients (Kautsky 
curves) to distinguish between photochemical and 
non-photochemical quenching and derive surrogate 



estimates of photosynthesis rates in freshwaters is 
hampered, compared to terrestrial systems, by algal 
taxonomic diversity producing a variety of light- 
harvesting systems (Buchel and Wilhelm, 1993) 
although the same restriction in marine environments 
has not prevented its exploitation because of high 
pressure to estimate primary productivity synopti- 
cally. Nevertheless, evaluation of productivity has 
begun to be made in inland waters using modulated 
fluorescence, although technical difficulties still 
exist (Gilbert et al., 2000; Masojidek et al., 2001). 
There do not appear to be any published examples 
using the ‘pump and probe’ fluorescence approach 
in freshwaters at present. 

B. Estimates of Biomass and Primary Produc- 
tivity 

1. Range of Primary Productivity Values in 
Inland Waters 

The productivity and biomass of inland waters can 
be constrained by physical and chemical factors. At- 
tenuation of light with depth may limit productivity 
in deep and optically clear (attenuation principally 
by water molecules) and optically deep (attenuation 
principally by dissolved and particulate matter) lakes 
depending on the relationship between mixed depth 
and attenuation (Kirk, 1994a). Thus for example, 
Loch Ness in Scotland has low concentrations of nu- 
trients but, because of its great depth and peat-stained 
water, light rather than nutrients is the primary factor 
constraining productivity (Jones et al., 1996). 

Upper limits on primary productivity will be set by 
light availability and will occur in nutrient-rich lakes 
(Tailing, 1971). In a synthesis of work undertaken 
by the International Biological Programme, Westlake 
(1980) presents maximum values of standing crops 
of different inland water biota and their maximum 
productivity (Table 2). The maximum biomass values 
observed for phytoplankton are more or less in accord 
with predictions to be found in Tailing (1971). 

Nutrient-limitation is usually the major factor 
controlling productivity in inland waters . Phosphorus 
is often the primary limiting nutrient and a number 
of relationships link the load of phosphorus to the 
amount of phytoplankton that can be supported, of 
which the most well known and widely-used is that of 
Vollenweider (1976). Another key nutrient, nitrogen, 
is often a primary controller of oceanic production 
and can also limit production in inland waters. In rela- 
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Table 2. Maximum biomass and productivity for different aquatic life-forms. 





a) Max biomass/ mg Chi a m 2 


b) Max. productivity/ kg 
dry wt nr 2 y 1 


Phytoplankton 


-450 


1.5-3 


Periphyton 


- 1000 


- 


Submerged macrophytes 


-3000 

(700 g dry wt nr 2 ) 


0.2-2 


Emergent macrophytes 


(4300 g dry wt m -2 ) 


5-9 



“'Westlake (1980); b > Kvet and Westlake (1998) 



tively productive, circumneutral lakes, nitrogen-fixing 
cyanobacteria can thrive when inorganic nitrogen 
is low. Schindler (1977) used this fact to argue that 
nitrogen is unlikely to limit phytoplankton in inland 
waters. However, nitrogen does appear to control 
phytoplankton biomass in many tropical lakes (Vin- 
cent et al., 1984) and some lakes in North America 
(Elser et al., 1990), and Europe (Blomqvist et al., 
1993). In at least some of these instances it appears 
that low pH and/or low levels of phosphorus prevents 
the development of nitrogen-fixing cyanobacteria and 
hence the escape from nitrogen-limitation (Maberly 
et al., 2002). Other nutrients that limit phytoplankton 
production at some sites and particular times include 
silica (for diatoms), iron, molybdenum and cobalt 
(Reynolds, 1984). 

2. Influence of Eutrophication and Climate 
Change 

‘Eutrophication’ normally involves an increased load 
of nutrients, particularly phosphorus and nitrogen, to 
a lake as a result of human activity and in particular 
discharge of secondarily treated sewage and fertilizer 
from agriculture and forestry. Some of these extra 
nutrients may also be deposited via the atmosphere 
although the magnitude of this effect at most sites is 
likely to be low compared to hydraulic-inflow. The 
increased nutrient load will increase phytoplankton 
productivity and biomass towards the upper theoreti- 
cal limit set by incoming light. 

Attempts to classify the trophic state of lakes 
have set limits on typical phytoplankton biomass 
and productivity for different classes (Table 3). This 
indicates that nutrient rich lakes may be at least three- 
times more productive and have three- to ten-times 
more biomass than a nutrient-poor one. The values 
suggested by Rodhe (1969) for phytoplankton have 
been largely borne out (Westlake, 1980). 



For rhizophytes, nutrients, including for some 
isoetids inorganic carbon (Wium-Andersen, 1971), 
can be acquired directly from the sediment giving a 
possible competitive advantage over phytoplankton 
in low nutrient lakes. Macrophyte production may 
commonly be limited by carbon availability (Madsen 
and Maberly, 1991). 

A common response to increased nutrient loads 
is for macrophytes to be replaced by phytoplankton 
through competition for light and inorganic carbon. 
However, the competition between the two groups 
involves other components of the food chain, such as 
the zooplankton and fish, and rather than a gradual 
change between these two dominant primary produc- 
ers relatively rapid switches between these two states 
appear to occur (Scheffer, 1998). 

The effects of global climate change on the pro- 
ductivity of inland waters are not well documented. 
Increasing levels of UV-B radiation may adversely 
affect phytoplankton production to a small extent, 
ameliorated by the relatively high attenuation of UV- 
B radiation in inland water, particularly those with 
relatively high concentrations of dissolved organic 
carbon (Scully and Lean, 1994). Exposure to UV-B 
radiation in most inland waters will be lower than in 
most terrestrial and ocean systems. Invertebrates in 
streams are also affected by UV-B and experiments 
have shown that increased radiation may increase 
periphyton biomass by reducing grazing pressure 
(Bothwell et al., 1994), so again community-level 
interactions complicate predictions of responses to 
perturbation. 

Rising atmospheric C0 2 will probably affect the 
productivity of emergent macrophytes similarly to 
terrestrial vegetation but the effect is less clear for 
submerged plants and algae because the air-water 
interface prevents complete equilibrium between air 
and water in all but the most unproductive lakes. As 
a result, inland waters are partially separated from 
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Table 3. Maximum biomass and productivity for inland waters of different trophic state. 





Oligotrophic 


Meso trophic 


Eutrophic 


a) Maximum phytoplankton biomass/ mg Chk nr 3 


<8 


8-25 


25-75 


b) Phytoplankton productivity/gC nr 2 y _1 


<25 


25-75 


>75 


c) Emergent macrophyte biomass/ g dry wt nr 2 


530 


1090 


1520 



^Organisation for Economic Co-operation and Development-OECD (1982); b) Rodhe (1969); c) Kvet and 



the atmospheric C0 2 concentration and many are 
over-saturated with C0 2 (see below). In productive 
lakes that experience summer carbon-depletion, an 
increase in the partial pressure of C0 2 in the atmo- 
sphere will increase the rate of C0 2 -invasion and so 
possibly influence phytoplankton species composition 
(Shapiro, 1997) and productivity. 

The effects of rising air-temperature and changed 
weather patterns on the productivity of inland waters 
are even more difficult to predict. However, some 
effect is likely because lakes are sensitive to weather 
and large-scale weather patterns, such as the North 
Atlantic Oscillation, have regional-scale effects on 
lake functioning (Straile and Adrian, 2000 ). 

3. Global Primary Productivity in Inland 
Waters and the Nutrient and Energy Subsidy 
from Terrestrial Ecosystems. 

Inland waters are intimately linked to their terrestrial 
catchment. Streams and rivers receive groundwater 
and soil water containing nutrients, including organic 
and inorganic carbon, derived from the underlying 
geology, but also the products of nutrients and carbon 
processed by the plants and microbes in the catch- 
ment. Different types of land use release different 
amounts of nutrients, often expressed as an annual 
export coefficient. 

The allochthonous organic carbon, if biologically 
available, is an energy subsidy from the terrestrial to 
the aquatic ecosystem while the nutrient and inorganic 
carbon loads have a major effect on the functioning 
of inland waters. For C0 2 , the magnitude of this sub- 
sidy is most marked in rivers where concentrations 
can be many times air-equilibrium (Rebsdorf et al., 
1991; Cole and Caraco, 2001). Many lakes are also 
supersaturated with C0 2 (Kling et al., 1991; Cole et 
al., 1994). Even a productive lake such as Esthwaite 
Water in the English Lake District is a source of C0 2 
to the atmosphere over a year despite substantial un- 
der-saturation during much of the summer (Maberly, 
1996, Fig. 3). One cause of these high concentrations 



in lakes is input of C0 2 -rich water from streams and 
rivers (Cole and Caraco, 2001). Another potential 
source of C0 2 is the heterotrophic breakdown of ter- 
restrial organic carbon within the lake (del Giorgio 
and Peters, 1994). 

4. Inland Water Primary Productivity in Rela- 
tion to Outgassing from Inland Waters 

Massive outgassing of C0 2 from lakes such as Lake 
Nyos in Cameroon are, thankfully, relatively rare, 
and are produced by build up of C0 2 at depth over 
many years derived from leakage of magmatic C0 2 
into the lake (Nojiri et al., 1993). Concentrations of 
C 0 2 at depth may approach the temperature- and pres- 
sure-dependent saturation with pure C0 2 and local 
perturbations such as a landslide, or heavy rain, may 
cause the C0 2 to become over-saturated, triggering a 
massive release, or Timnic eruption,’ of CO, to the 
atmosphere, often with disastrous consequences for 
local animals and humans. On a less catastrophic 
scale, breakdown of stratification in monomictic or 
dimictic productive lakes, usually in autumn, will 
bring C0 2 -enriched water to the lake surface where 
it can be lost to the atmosphere. Similarly, in lakes 
of high altitude or latitude, ice-out in spring can 
allow CO, that has accumulated beneath the ice to 
be released to the atmosphere (Kling et al., 1991). 
Weather-induced entrainment of water from the 
hypolimnion to the epilimnion in summer can also 
produce short-lived episodes of C0 2 release from 
productive lakes (Maberly, 1996). 

Cole et al. (1994) estimated that globally lakes 
lose 0.14 Pg C y 1 to the atmosphere. If one adds to 
this the estimated global loss of C from rivers to the 
atmosphere of 0.3 Pg C y 1 (Cole and Caraco, 2001 ) 
the total lost from inland water surfaces of 0.44 Pg 
C y 1 is larger than the export of organic carbon from 
rivers to the sea (0.4 Pg C y 1 , Holland 1995). In con- 
trast, the estimated global loss of methane from inland 
waters to the atmosphere is only about 0.04 Pg C y 1 
(Smith and Lewis, 1992). The total gaseous carbon 
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loss of about 0.48 Pg C y 1 is similar in magnitude 
to global inland water net productivity (Fig. 1) and 
represents about 0.9% of the estimated terrestrial net 
primary productivity of 56.4 Pg C y 1 (Field et al., 
1998 ) and about 7% of the annual input of C0 2 to 
the atmosphere resulting from burning fossil fuels, 
deforestation and cement manufacture (Raven and 
Falkowski, 1999). 



V. Conclusions and Future Prospects 

Inland waters are diverse in terms of their physics, 
chemistry and nutrient availability and the taxonomic 
range and life-forms of their primary producers. The 
functioning of these systems is strongly influenced 
by the close-coupling between land and water, and 
the catchment largely controls nutrient supply and 
provides a subsidy of organic carbon for heterotrophic 
breakdown and also carbon dioxide. Upper limits 
on productivity are set by light-availability which 
is controlled by competition for photons between 
phytoplankton and the water molecules, dissolved 
material and non-photosynthetic particles. In many 
inland waters the maximum biomass and productivity 
is controlled by nutrient availability and phosphorus 
is the most common limiting nutrient. Other nutri- 
ents may also limit production, particularly nitrogen 
where low pH or low phosphorus concentrations, 
or both, prevents the growth of nitrogen-fixing 
cyanobacteria. Productivity of phytoplankton is 
less than 25 g C nr 2 y 1 in oligotrophic waters but 
exceeds 75 g C nr 2 y 1 in eutrophic waters and may 
reach 1000 g C nr 2 y' 1 at some sites. The maximum 
productivity of submerged macrophytes is slightly 
less than this but that of emergent macrophytes can 
be substantially higher. Even productive lakes may 
be sources of C0 2 to the atmosphere and, globally, 
inland waters may supply 0.48 Pg of carbon to the 
atmosphere per year. Responses of inland waters to 
environmental perturbation brought about by climate 
change are difficult to predict. 

Inland waters have been and are being altered 
by the activity of Man and variously threatened by 
ozone holes, acidification, eutrophication and the 
introduction of exotic species. The magnitude of the 
perturbation and the sensitivity of the water body to 
the threat will vary from site to site depending on the 
site characteristics. This spatial variety can be tackled 
using remote sensing and here the measurement of 
algal Chi a by fluorescence may be valuable. Another 
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challenge for future research on inland water is to 
measure adequately the dynamic nature of many 
inland waters. While this is now readily achievable 
for physico-chemical factors such as temperature, 
pH and dissolved oxygen, it is much more difficult 
for biological parameters. Continuous in situ mea- 
surement of algal fluorescence provides one means 
of assessing the reciprocal interaction between algal 
biomass and their environment . Future development, 
assessment and validation of in situ measurements 
of productivity surrogates should provide a more 
detailed picture of how changing environmental 
conditions affects algal productivity. 
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Chl(a+b)/(x+c) See chlorophyll- to-carotenoid ratio Chi 
(a+b)/(x+c) 

Chlamydomonas 481, 483, 688, 703, 716 
Chlamydomonas reinhardtii 179, 200, 458, 470, 472, 531, 
569, 681, 683-685, 690, 693, 695, 698 
Chlamydomonas reinhardtii cbn 1-1 1 3 y 694 
Chlamydomonas reinhardtii y 1 687,689 
chloramphenicol 692 
Chlorarachniophy ta 785 
Chlorella 451, 624, 649, 729, 785 
desiccation 625-635 

Chlorella pyrenoidosa 187, 448, 468, 469 
chlorina fl 540 
mutant 690, 692 
chlorina mutants 
of barley 692 
of rice 692 

Chlorobium 240, 242, 244, 245 
Chlorobium tepidum 246 
chlorophyll 46—49, 176, 644 
active 15 
content 

in vivo measuring 733, 733-734 
in cytochrome b 6 f complex 
X-ray structure 21, 22 
fluorescence emission spectra 53,727 
fluorescence imaging 393M01, 420-424,730-733 
fluorescence induction kinetics 22, 286, 324,721-723 
fluorescence lifetime 10, 30, 434, 566-569 
forms 186 
inactive 15 
indicator of content 
F690-F740 728 
thylakoids 714 
chlorophyll- 690 242 
chlorophyll (a+b)/(x+c) ratio 
changes during senescence 724, 725, 726 
decline 724 



pigment ratio 720 
shade leaves 725 
sun leaves 725 

chlorophyll-depleted PS I 244 
chlorophyll- to-carotenoid ratio Chi (a+b)/(x+c) 726 
decrease in ratio 721 
chlorophyll-xanthophyll proteins 718 
chlorophyllide a oxygenase (CAO) 681 
chlorophyll a 45, 47, 48, 57, 232, 244, 681 
vertical profiles 
discrete depths 763 
fluorescence spectrum 3 
history 2-32 
monomeric 
redox potential 695 

polyphasic fluorescence rise O-J-I-P 324,340 
replacement 247 

chlorophyll a/chlorophyll a ' dimer 246 
chlorophyll a fluorescence (also see chlorophyll fluorescence) 
analysis of transient 335-339 
binary oscillations 26 
components 215,216 
flash number dependence 215 217 
fast transient of 23, 24 
global analysis 564-568 
applications 569-576 
instrumentation 

time and wavelength resolved 560-564 
light-acclimative changes 664 
light-induced changes 664-669 
lifetime 563, 566-569 

nonphotochemical quenching 70, 288, 466, 509, 539-543, 
586-588, 667 

osmotically-induced changes 664-669 
past books and reviews 1 1 
photoelectrochemical control 148-153 
polyphasic changes, analysis 339-356 
pump-probe technique 214 
quantum yield 9, 10 
quenchers 219, 220 
chlorophyll a oxygenase 191 
chlorophyll a/6-binding proteins 46 
LHC II 714 

chlorophyll a/b ratio 7 17, 7 19, 720 
changes during senescence 724 
shade leaves 724 
sun leaves 724 

chlorophyll aggregates 187,515 
chlorophyll b 45, 47, 48, 246, 648, 690-692 
role in chloroplast development 690-697 
chlorophyll 6- less chi- 3 null mutant 691 
chlorophyll Mess chlorina /2 mutant 691 
chlorophyll Mess mutant 681 
chlorophyll b synthase 190 
chlorophyll c 190, 246, 696 
chlorophyll c x 47,48 
chlorophyll c 2 47, 48 
chlorophyll c 3 47, 48 

chlorophyll d 47, 48, 190, 244, 245, 246, 697 
A. marina 237 
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chlorophyll depletion 
PS I 241-244 
chlorophyll distribution 
New Jersey coast 770 

chlorophyll fluorescence {Also See chlorophyll a fluorescence) 
721, 722 

band 

blue shift 728 

depth dependence in corals 775 
discovery 3 
emission spectra 
shape 728 

fluorescence decrease, F d 718,721,722 
fluorescence decrease ratio, R Fd 721, 722 
heavy metal effects 641-651 
heterogeneity 292, 293, 297 
history 2, 3 

imaging 246,293,309,310, 410—427, 458, 533, 730-733 
induction kinetics. See Kautsky effect 
non-photochemical quenching (NPQ) 28, 70, 288, 466, 

501, 509, 539-543, 586-588, 667 
pump-probe technique 214 
Photosystem II 12-18, 24-28, 50-55, 294 
quenching mechanisms 509-518 
ratio F690/F740 727,729 
ratio F d /F s 722, 723 
ratio F v /F m 722 
ratio FyF 0 722, 723 
reabsorption 729 

reabsorption of Chi fluorescence band F690, 721, 722 
R Fd values 722 
slow changes 286 
spectrum 745 

steady state fluorescence, F s 721, 722 
techniques 500-504 
video imaging 533-535 
water stress effects 626, 628, 629 
Chlorophyta 785 
chloroplasts 
ATPase 572 

envelope 683, 689, 691, 702, 715 
high-light adapted 7 16, 7 17 
intact spinach 469 
low-light adapted 716,717 
movement 527, 539 
shade-type 717-720 
sun- type 717-720 
chloroplast development 690 

chloroplast signal recognition particle (cpSRP) 688, 689 

chlororespiratory electron flow 305 

chlorosis 559, 560 

Chl z 202, 517, 518 

Chl z + 517 

chopper-modulated fluorometers 28 1 
chromatic adaptation 667 
chromophores 180 
configuration of 181 
excitation handling 46 
ionization state 181 
light harvesting 46 



chromoplasts 689 
circadian rhythm 403 
circular dichroism 183 
Cistus creticus 608, 614 
Clusia minor 74 
CMOS 426 
detectors 396,413,425 
co-operativity 
photosynthetic units 452 

co 2 

elevated 74 

C0 2 assimilation 77, 78, 442, 652 
high rates 717 
quantum efficiency 77 
quantum yield 67,75, 76 
C0 2 concentrating mechanism 
ATP dependence 266, 267 
C0 2 concentration 614 
internal 630 
C0 2 fixation 776 
C0 2 fixation rates 718, 723 
cobalt 650 

coefficient of photochemical quenching 69 
cofactors 201-203 
colony fluorescence 458 
competition 367 
complementary area 348 
in fluorescence 335, 336 

complementary metal oxide semiconductor 396. See also 
CMOS 

conductance 148, 652 
configuration of chromophores 181 
confocal fluorescence microscopy 457 
confocal laser microscope 234 
confocal laser spot 455 
conformational change 471, 475 
in LHC II 716 

conformational dynamics 567 
connectivity 136,164,285 
overall grouping probability 330 
PS II units 28 
PS II complexes 412 
connectivity and grouping parameter 145 
connectivity model 
grouping 327 

connectivity rate constant k con 145 
cooled CCD 425 
coordination bond 696 
copper 646 
corals 773, 774 
chlorophyll fluorescence 
depth dependence 775 
core antenna 175 
core complex 681, 682 
Coming 4-96 filter 458 

correlation between Chi content and fluorescence ratio F690/ 
F740 730 

correlation between 0 2 evolution and fluorescence 22, 23 
correlation of RFd- values and P N rates 722 
Coulombic coupling 109 
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Coulomb interaction 88, 188 
coupling product 328 
CP22 protein 515 
CP24 protein 120-122, 127 
CP26 protein 55, 120-122, 127, 515 
CP29 protein 55, 120-122, 125, 127, 515 
CP43 protein 51, 54, 56, 120, 127, 175, 176, 179, 337, 339, 
569, 682 

CP43' protein 179 

CP47 protein 51, 54, 56, 120, 127, 175, 176, 179, 337, 339, 
569, 682 
CPa 720 
CPI 720 

CP proteins. See specific protein 
minor 575 

Crassulacean acid metabolism (CAM) 63 1, 632 
metabolism 632 
pathway 631 
plants 631 
Crater Lake 782 
cryoelectron microscopy 474 
cryptogams 624 
Cryptophyta 785 
cryptophytes 191 
cryptoviolin 180 
crystallography 
electron 458 
X-ray 458 
crystal structure 
phycobiliproteins 180 
Cu 2+ 644 

Cucurbita maxima 478 
curvature constant 330 

cyanobacteria 203, 233, 246, 511, 624, 664-675, 681, 785, 
786 

antenna systems 175 
FRAP and state transitions 456 
protein diffusion 455 
water transport 664-675 
cyanobacterial cells 
permeability 670 

cyanobacterial cell membrane lipids 
thermotropic transitions 673 
cyclic electron flow (CEF) 71, 265 
around PS I (CEF1) 265,266 
ascorbate 269 

ATP/NADPH balance 266, 267 
down-regulatory sensitivity 267, 268 
induction of 269, 270 
mechanisms 267, 268 
around PS II 295,296 
Cynosurus cristatus 607 
2-cysteine peroxiredoxin 530, 545 
cytochrome b 559 20 1 , 202, 5 17, 65 1 , 77 1 
cytochrome b 6 651 
cytochrome bc x complex 199, 260 

cytochrome ^g/complex 70, 76, 204, 256, 260, 451, 471, 457, 
482, 558 
redox state 457 
X-ray structure 21, 22 
cytochrome 6 6 /-Rieske complex 50 



cytochrome c 2 199 
cytochrome c 550 20 1 
cytochrome / 65 1 
cytoplamic osmolality 663 

D 

AG atp 257, 278 
ApH 258, 645 
trans-thylakoid 649, 664 

ApH-dependent quenching 467. See also energy-dependent 
quenching 

ApH quenching 499,509,514-515 
Aip 258 

Dj polypeptides 175 
D1D2 122 
multimer model 119 

D x protein 51, 56, 201, 467, 559, 575, 592, 598, 649 
degradation of 476 
inactivation 481 
D 2 protein 51, 56, 201, 559 
D 2 polypeptides 175 
Dactylococcopsis salina 455 
dark-adapted ‘state T 722 
dark-light induction kinetics 289 
DAS 571 

DBMIB. See 2, 5-dibromo-3 -methyl- 6-isopropyl-p-benzoqui- 
none (DBMIB) 

DCMU. See 3- (3', 4'-dichlorophenyl)-l, l'-dimethyl urea 
(DCMU) 

de-excitation rate constant 326, 33 1 
DE-FLIDAR 746 
deactivation type 374 
decay 

fluorescence 239 

decay associated spectra (DAS) 111,1 14-116, 452, 503, 564 
delayed light emisson 302, 379. Also See delayed chlorophyll 
fluorescence 

deconvolution procedure 433 
decrease of chlorophyll content 727, 729 
deepoxidation of violaxanthin 63 1 
deexcitation of excited states 
rate constants 9-11 
deflection electrode (DEFL) 560 
degradation of the D1 protein 476 
dehydration 632 

delayed chlorophyll fluorescence 242-244, 246, 302, 364, 379 
P700* 243 

delayed light emission (DLE). See also delayed chlorophyll 
fluorescence 364, 374, 375 
distributed kinetics 369,377 
electric field effects 377 
emission spectrum 377 
far-red-induced maximum 3 77 
induction curve 376 
kinetics 368 

magnetic field effect 378 
Photosystem I 375, 378 
quantum yield 375 
triplet state 368 
delocalized excitations 109 
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demodulation 560 
ratio 563, 568 
density matrix 126 
density of reaction centers 344 

deoxy-D-xylulo se- 5 -pho sphate/methy lerythritol-4-phosphate 
(DOXP/MEP) 714 

desiccation- tolerant plants 624-635, 627 
detecting stress 741-755 
detectors 392, 394, 399, 403 
Dexter transfer 101 
de novo biosynthesis 
zeaxanthin accumulation 716 
diadinoxanthin cycle 473, 613 

2, 5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) 
451 

3-(3, 4-dichlorophenyl)-l, 1 -dime thy lurea (DCMU) 66, 285, 
143, 147, 150, 151, 155, 157—167, 422,451,650, 684 
DCMU -binding 302 
DCMU-treated samples 345, 348 
fluorescence transients 335 
dicyclohexylcarbodiimide 540, 541 
differential equations 139,157 
diffusion- limited decay 505,506 
diffusion coefficient 
phycobilisomes 455 
dimmer switch 
in photoprotection 31 
Dimorphoteca pluvialis 615 
Dinophyta 785 
diphenylcarbazide 650, 65 1 
dipole-dipole interaction 84, 89, 97, 101, 110 
disorder energy 110 
distributed kinetics 370 
thermoluminescence 369 
tunneling 371 
distributions 
residual error 565, 566 
distribution of rate constants 504 
dithiothreitol 744 
DNA damage 
action spectra 607 
Dobson Unit 607 
Dohnt-Renger equation 218, 219 
Dohnt-Renger transformation 220-222 
donor acceptor pair 153,155 
donor of excitation energy 85 
donor photobleaching 97 
donor side damage 374 
donor side inhibition 478 
donor side quenching 143, 147 164, 166 
double-convolution integral (DCI) 566, 569 
double hit 151, 163,209 
double hit model 159 
double hit trapping 162, 164, 167 
double hit TSTM 161, 166 
double reduction of Q A 477 
Douglas fir 592 

downregulation 68, 69, 70, 72-74, 41 1, 417, 591 
photosynthesis 593 
PS II photochemistry 625 
sensitivity 254, 255-270 



DOXP/MEP See deoxy-D-xylulose-5-phosphate/methyl- 
ery thritol-4-pho sphate (DOXP/MEP) 
DOXP/MEP pathway 714 
driving force 
photosynthesis 348 
driving forces 344 
drought 74,627,631,751 
drought stress 351 
dual-excitation LIDAR 432 
Dunaliella salina 681 
Dunaliella tertiolecta 648 
dynamic structure 181 

E 

Earth geochemistry 776 
echinenone 176 
ecological research 738-752 
role of species composition 750 
ecosystem processes 747 
ECS spectroscopic techniques 258 
eddy correlation 751 
eddy covariance flux 748 
effective absorption cross-section 
of PS II 301,302 
effective quantum yield 294, 295 
PS II 288, 305 
effects of UV 

Photosystem II reactions 6 1 2-62 1 
efficiency factor 
PS II 73, 74 

efficiency of energy transfer 90 
electrical conductance 136, 150, 153 
electrical field 
transmembrane 303, 304 
electrical potential 153 
electric dipole 90 

electric fields 134, 136, 148-150, 153, 165 
electric potential 136, 149, 152 
electrochromic shift (ECS) 259, 260, 263 
electrochromic shift spectroscopy 259, 260, 263 
electroluminescence 375, 377 
emission spectrum 378 
flash number oscillation 378 
R phase and S phase 378 
electronic excitation energy (EET) 46 
electron acceptor (Q A ) 639 
electron crystallography 199, 458 
electron exchange 101 
electron exchange interaction 188 
electron flow 

0 2 -dependent 286, 308, 310 
electron paramagnetic resonance (EPR) 478 
spin-echo 243 

electron spin resonance (ESR) 642 
electron transfer 204 See also electron transport 
donor side of PS II 24, 25 
fluorescence 24, 25 
P700* 239 

Qa t0 Qb °r Qb 372 
electron transfer chain (ETC) 253 
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electron transfer rate 
A 0 to Aj 24 1 
from A~ to A x 243 

electron transfer steps of photosynthesis 14 
electron transport 595, 596, 599-604 See also electron 
transfer 

estimates based on fluorescence 772 
non-cyclic 

quantum efficiency 71 
0 2 -dependent 289 
PS II 24, 25, 596 
acceptor side 25 
quantum yield 334 
rate 77 

electron transport flux 344, 345 
specific 345 

electron trap 135,136,157,163 
electron trapping 138, 139 

electron trapping efficiency 134, 138-141, 143, 153, 155, 156, 
160, 166, 168 
semi-open centers 163 
elevated C0 2 74 

E m 

special pair 246 

embryophytes 780, 782, 785, 786 
emission spectra, 11, 17, 686 
77 K 17,686 

delayed light emission 377 
room temperature 17 
thermoluminescence 380 
endogenous quenchers 509 
energetic communication 334 
energetic connectivity 332, 336 

energy-dependent quenching (q^ 257-278, 287, 470, 467, 

586. See also ApH-dependent quenching 
energy cascade 345 

energy dissipation 584-591, 593, 595-599 
rate constant for 586 
energy distribution 185 
energy equilibrium 185 
energy exchange 325 
energy fluxes 
biomembranes 325 
in photosynthesis 325 
energy influxes 326, 329, 334 
energy migration (spill-over) 20, 21, 328, 338 
energy outfluxes 326 
energy sink 153, 155 

energy transfer 98-100, 108-128, 183,238 
allophycocyanin 184 
by electron exchange 101, 102 
CP29 125 

CP43-CP47-D1D2 core 123 
C-phycocyanin 183 
D1D2 122 

first passage time 112 
Forster mechanism 684 
Forster theory 20, 21 
intersystem 218, 219 
LHC I 117,118 



LHC II 124, 125, 126 
mechanisms 188, 189 
models 100, 101 
Photosystem I 112, 113,114 
Photosystem I core 
S. elongatus 113, 114 
Photosystem II 117, 118 
Photosystem II membranes 127 
phycobilisomes 184-186 
probability 326, 329 
PS 1-200 117,118 
xanthophyll-to-chlorophyll 124 
enthalpy 

contribution in driving force 366 
entropy 

contribution in driving force 366 
envelope inner membrane 687 
environmental stress 721 
EPR See electron paramagnetic resonance (EPR) 
equilibration 
excited state 412 
Escherichia coli 258, 690 
ESR. See electron spin resonance (ESR) 
essential elements 784 
ether-extracted PS I 241 
ether-extraction 247 
etioplasts 686, 687 
ETR/A 746 

Eucalyptus pauciflora 575, 744, 745 
Euglenophyta 785 

Euonymus kiautschovicus 74, 588, 589, 596 
eutrophication 789 
evergreens 560, 575, 578 
evolution 

oxyphototrophic organisms 44-46 
excessive light intensity 296 
excess light 

life time of fluorescence 30 
excess light stress 498-5 19 
excitation energy 20, 21 
absorbed 448 

excitation energy distribution 450 
LHC II-containing organisms 450 
phycobilisome-containing organisms 450 
excitation energy transfer 
history of 20, 21 
Porphyridium cruentum 21 
ultrafast kinetic data 698 
excitation of fluorescence 1 1 
excitation pressure 499, 558 
excitation spectrum 338 
excitation trapping 149 
excited state 412 
equilibration 412 
lifetime 326 

excited state dynamics 504 
exciton 505 
photosynthetic 109, 1 10 
exciton density 326 
exciton trapping 139, 147, 163 
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excitonic interaction 109 
LHC II 120 

excitonic relaxation 108 
excitonic structure 
LHC II 125 

exponential decay components 503 
exponential decay law 566 
Eyring theory 365 

F 

F/F 0 151 
F680 569, 652 
F680/F730 652 
F685 569 
F685/F730 745 
F690 727 
F730 652 
F735 727 
F a 232,233 

Fabry -Perot interferometers 44 1 
Fagus sylvatica 7 18, 7 19, 733 
false color 419 
far-red fluorescence 746 
far-red fluorescence band F735 727 
far-red light 448 

fast component of fluorescence 215 
fast repetition rate (FRR) 502, 758, 768, 770 
fast repetition rate fluorometers 501 
fast transient of Chi a fluorescence 23, 24 
F b 232,233 

Fd-(plasto)quinone oxido-reductase (FQR) 267 
Fd-NADPH oxidoreductase 267 
feedback regulation 
lumen acidity 55 

femtosecond transient absorption 111 
Fenna-Matthews-Olson protein (FMO) 1 10, 240 
ferredoxin 267, 651 

FGVI. See Fluorescence Global Vegetation Index (FGVI) 
fiber-optic ring-light 458 
fiberoptic s 284 
fiberoptic microprobe 308 

FIPAM 435, 439. See frequency induced pulse amplitude 
modulation (FIPAM) 

FIPAM fluorometer 439 

first excited singlet energy 476 

first passage time (FPT) 111, 112, 114, 126 

F F /F F 6S1 

r i r o /r M r o 

flash- lamp Fluorescence Imaging System (FL-FIS) 731 
flashlets 502, 509 
flash photolysis 766 

FLD See Fraunhofer line discrimination (FLD) 

FLIDAR 431 
laser diode-based 434 
FLIDAR imaging systems 434 
FLU 684 

fluorescence. See also chlorophyll fluorescence 
725 nm 235 
blue-green 430 
Chl-depleted PS I 241, 242 



colony 458 

complementary area 335, 336 
correlation with 0 2 evolution 22-23 
decay 115,236,239,243 
Photosystem I core, S. elongatus 115 
electron transfer 24-25 
emission spectra of 1 1 
excitation of 1 1 
isolated PS I 238-241 
leaf epidermal 748 
long wavelength 236 
natural 440 

period-4 oscillations 352 
Photosystem I 15,16,78, 232-247, 591 
Photosystem II 15,16,454 
polarized 116 

pulse-amplitude modulated 465 
S- states 352 
single intact cells 234 
single-photon timing 111 
steady state 718 

streak camera 111, 114, 115, 117, 118 
terminology 67-68 
time-resolved 111,127 
two-photon excitation 124 
upconversion 111, 114-118 
UV-induced 432 
vegetative cells 235 
fluorescence bands 
F690 728 
F735 728 
F740 728 
origin of 17, 18 

fluorescence decay kinetics 503 
fluorescence decay lifetime 453, 454 
of PS I 454 

fluorescence decrease, F 721 

fluorescence decrease ratio (R Fd - values) 394, 398, 721 

fluorescence emission spectra 727 

Fluorescence Global Vegetation Index (FGVI) 432, 433, 750, 
752 

fluorescence imaging 246,293,310, 410^127, 458, 533, 
730-733 

Chi fluorescence 731,732 
laser-FIS technique 73 1 ,732 
photo synthe sis gradients 731,732 
photosynthetic activity 731-733 
pixels of fluorescence images 73 1,732 
Revalues 731-733 
water stress 732, 733 
fluorescence imaging system 
FL-FIS technique 731 
laser-FIS technique 730-73 1 
fluorescence induction 143-147, 298-302, 500, 628 
fluorescence induction curve 134-136, 146, 161, 164, 167, 766 
fluorescence induction kinetics 298-302, 401 
chlorophyll 721-736 

fluorescence lifetime 94, 239, 433, 395, 469, 484, 503 
fluorescence lifetime distribution 566, 573, 575 
frequency domain 568 
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fluorescence line-narrowing 120 
fluorescence parameters 739, 740 
heterogeneity of 310 
fluorescence plateau (F p ) 649 
fluorescence polarization 183 
fluorescence quenching 287 
P680 + 25 
fluorescence ratios 
blue/far-red, F440/F740 730 
blue/red, F440/F690 730,731 
red/far-red, F690/F740 730 
fluorescence reabsorption 293, 294, 419^121 
fluorescence recovery after photobleaching (FRAP) 451, 
455^157 

fluorescence relaxation 372 
distributed kinetic s 3 69 
fluorescence resonance 699 

fluorescence resonance energy transfer (FRET) 84-93, 97,697, 
684, 699. See also Forster Resonance Energy Transfer 
photobleaching method 97, 98 
fluorescence rise kinetics 
O-J-I-P 341 

fluorescence signatures 752 
fluorescence spectrum 
Chi a 3 

fluorescence transient 22-24 
area above 335 
low temperature 337 
polyphasic 
in vivo 339 

presence of DCMU 335 
fluorescence video imaging 458, 460, 533 
fluorescence yields 333 
Photosystem II 294-295 
relationship to pump energy 767 
fluorometers 397 
chlorophyll 282 
chopper-modulated 281 
fast repetition rate 50 1 
FIPAM 439 

IMAGING-PAM Chlorophyll 309 
frequency-domain 560 
modulation 466 

multiffequency cross-correlation phase and modulation 562 
PAM 283, 723 
PHYTO-PAM Chi 307 
portable 281 
pulsed 560 
time-domain 560 
Xe-PAM 301-302 
flurorescence spectra 
time dependent 21—4 1 
fluorosensing 430, 438 
active 431 
long-range 440 
passive 440 

F m 500, 510, 648, 649, 639-661 
Fn/Fm'-l 412 
F m /F 0 143, 165 



FMO. See Fenna-Matthews-Olson protein (FMO) 

F 0 500,639-661 
determination of 418 
measurement 9 
quenching 287 
F 0 ' 

calculation 420-428 
determination 420 
measurement 420 
Fontinalis 786 
Forster 

historical 19, 84, 85 
Forster energy transfer 110 
Forster equation 109-1 1 1 
Forster hopping 108 
Forster mechanism 188, 189 
Forster mechanism of energy transfer 684 
Forster Resonance Energy Transfer 84, 110. See also fluores- 
cence resonance energy transfer (FRET) 

Forster theory of energy transfer 20, 21, 506 

Fourier transformation 564, 568 

Fourier transformed-infrared (FT-IR) 642 

Fourier transform infrared difference spectroscopy 208 

F p See fluorescence plateau (F p ) 

frame grabber 413 

FRAP. See fluorescence recovery after photobleaching (FRAP) 
Fraunhofer lines 395, 440 

Fraunhofer line discrimination (FLD) 430, 436, 437, 442 
freeze-fracture electron microscopy 455 
freezing 744 
free energy 
back reactions 366 
gap 247 

of activation 364 

frequency-domain fluorometer 560 
frequency domain 562, 563, 568 
fluorescence lifetime distributions 568 
frequency domain modulated fluorometry 503 
frequency factors 365 

frequency induced pulse amplitude modulation (FIPAM) 434 
FRET. See fluorescence resonance energy transfer (FRET) 
FRR. See fast repetition rate (FRR) 

FRR fluorometers 
SCUBA based 773 
F q . See steady state fluorescence (FA 
FSAT 502,510 

FT-IR. See Fourier transformed-infrared (FT-IR) 
functional absorption cross section 764, 772 
functional alignment 
of intrinsic membrane proteins 45 1 
functional group 773 
functional heterogeneity of PS II 292, 293 
functional PS II absorption cross-section 305 
F v 639-661 

F v /F m 468, 640, 643-646, 648, 651, 652 
F v /F 0 643-646, 648, 722 
F x 232 
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G 

galactolipid 689 
gas chromatograph 787 
Gaussian function 566 
general-order kinetics 370 
general solution 
of the Kok model 210 
genome sequencing 457 
genetic methods 531-538 
Genty’s formula 335 
geochemistry of Earth 776 

See proton conductivity (g„ + ) 

Gleobacter 237, 247 
Gleobacter violaceus 183, 191 
global change monitoring 752 
global data analysis 238, 452, 454, 564-569, 577 
applications 569-577 
global productivity 781 
global target analysis 503 
Gonyaulax polyedra 1 8 8 , 23 6 
GPP. See gross primary production (GPP) 
grana lamellae 455 
green algae 509 
green fluorescence (F520) 731 
green fluorescent protein (GFP) 456, 536 
green sulfur bacteria 247 
gross ecosystem exchange 750, 751 
gross primary production (GPP) 442 
grouping 328, 333 
grouping probability 
overall 336, 337, 338, 344, 349 
growth rate and photosynthesis 739 
growth reduction 608-621 
guard cell 419—421 
guard-cell photosynthesis 308 
Gunnera magellanica 613 

H 

H + /ATP ratio 258,259 

H + /e- ratio 259,260 

Haematococcus lacustris 352, 649 

half-rise time, (tVz) of the rise of F v 639, 640, 643, 647 

Halophila ovalis 643 

Haptophyta 785, 786 

heat- induced damage 310 

heat- stress signal 311 

heating rate (3 368 

heat sink 328, 347 

heat stress 289,347,351,352 

heavy metal 

chlorophyll a fluorescence 641 
toxicity 638-652 
heavy metals 381 
Helianthus annuus 470 
Heliobacteria 239, 240, 242, 244-247 
hemlock 751 

Henderson- Hasselbach titration 572 



herbicide 392,402,422 
PS II 422 

thermolumine scence 381 
heterocyst 234 

heterogeneity 136, 158, 167, 337, 350, 367, 390-392, 394, 
399, 401^103 
fluorescence images 
fluorescence parameters 310 
PS II 292, 293 
S- states 157 

variable fluorescence 304 
Heterokontophyta 785 
high-light chloroplasts 716 
high-light plants 716 

high chlorophyll fluorescence mutants (hcf) 683 

high light-inducible proteins 667 

high nutrient low chlorophyll regions (HNLC) 770 

high performance liquid chromatography (HPLC) 535, 575 

high salt conditions 337 

high spectral resolution 43 1 , 44 1 

high temperatures 595 

Hill oxidants 639 

Hill reagents 299 

His252 207 

histograms 393, 394 

HNLC. See high nutrient low chlorophyll regions (HNLC) 
holochromes 

intramembranous pigment 50 
homodimeric type-I RC 242 
homologous recombination 537 
Hordeum vulgare 474 
Hoy a australis 597 

HPLC. See high performance liquid chromatography (HPLC) 

hydraulic conductance 738 

hydraulic conductivity 739 

hydrobiological terms 782 

hydroxy lamine 161,352,650 

Hyoscyamus niger 608 

hyperbolic kinetics 371,373 

i 

I level 649 

I-P rise 150, 151, 162 

I-P phase 151,300,301 

I r I 2 phase 300,301 

I 2 -F m phase 300,301 

images 

fluorescence 458 
image intensifier 396 
image segmentation 394 
imaging 390, 390^104 
DCMU-treated leaves 422, 423 
detectors 399 
fluorometry 397 
non-imaging fluorometry 397 
PAM method 415^116 
photosynthetic activity 730 
technology 394^100, 412-419 
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IMAGING-PAM Chlorophyll Fluorometer 309 
immunoelectron microscopy 689 
inactive centers 135, 136, 167, 302 
inactive chlorophylls 15 
inactive Photosystem II 285, 293, 294 
centers 484 
induction curves 168 
induction of photosynthesis 72 
induction transients 289 
infra-red gas analyzer 787 
infrared FRR (IRFRR) 774 
inhomogeneous distribution function (IDF) 110 
initial fluorescence 158,160 
rise 147 
yield 135 

inland waters 7 8 0-7 8 2 
inorganic 14C 780 
insertional mutagenesis 532 
instrumentation, fluorescence 
time and wavelength resolved 560-564 
intact spinach chloroplasts 469 
integration time 395, 396 
interferometer 396 
Fabry-Perot 441 
intermediate interaction 188 
intermittent light 692, 693 
intermittent light-dark cycles 685 
internal C0 2 concentration 630 
internal filtering 86 

intersystem connectivity parameter 146, 155 
intersy stem energy transfer 136, 147, 218, 219 
intracellular [COJ 746 
intramembranous pigment holochromes 50 
intrinsic heterogeneity 
variable fluorescence 298, 299, 302, 303 
in vivo measuring 
chlorophyll content 733 
ionization state 181 
IRFRR. See infrared FRR (IRFRR) 
iron 208, 770 

iron-stress-induced protein I si A 681 
iron addition 

photochemical efficiency 771 
iron limitation hypothesis 770 
iron sulfur centers 233 
irradiance spectrum 437 
isolated me sophy 11 protoplasts 478 
ISP. See Rieske iron- sulfur protein (ISP) 

j 

J-I-P induction curve 162 

J-I rise 150 

Jablonski diagram 93 

JlP-test 341, 343,344,347,349 

Joliot correction 372 

Joliot- Joliot equation 218,219 

Joliot-Joliot transformations 220-222 

J level 649 

J to I phase 300,301 



K 

K-step 351 

Kautsky curve 9, 324, 500 

Kautsky effect 280, 288, 340, 341, 721, 728, 731, 732, 741. 

See also chlorophyll fluorescence induction kinetics 
Kautsky pattern 685 
Kautsky transient 323, 334 
Kautsky ’s observations 4, 9 
Kautsky- type fluorescence induction pattern 685 
k D 586. See also rate constant for energy dissipation 
kinase 535 
kinetics 

fluorescence induction 
O- J-I-P 341 
P700 to P700 + 355 
single-exponential rise 452 
kinetic model 503 
knockout mutants 457 
Kok model 208-213,224 
binary oscillations 211,224,225 
general solution 210 

L 

Lj error norm 566,571 

Lake Baikal 781 

lake model 219, 220, 330, 334 

Lake Superior 781 

Lake Tahoe 782 

Lake Tanganyika 781 

Laplace function 566 

large pigment antenna 717 

laser diode 434.560 

laser diode-based FLIDAR 434 

laser excitation pulse 452 

laser-FIS technique 730 

lateral gene transfers 45 

Lavandula stoechas 615 

lead 651 

leaf epidermal fluorescence 748 
leaf lifespan 738-739 
leaf senescence 726 
leaf water potential 74, 746 
predawn 746 

leakage type luminescence 374 
leaves 

water content 719 

LEDs See light emitting diodes (LEDs) 

Lemanea mamillosa 786 
lemons 398 
lentic 782, 783 
environments 784 
waters 781 793 
Lewis acid 696, 702 
strength 700, 703 
Lewis base 
character 701 
oxygen 703 
Lhcal-4 56 




806 



Lhcbl 702 
Lhcbl-3 54 
Lhcbl-6 557 
Lhcb4-6 54 

LHC I See light harvesting complex I (LHC I) 

LHC II See light harvesting complex II (LHC II) 

LHCIIb 571 
phosphorylation 468 
libraries 

random mutants 457,458 
lichen 625, 626 
Peltigera rufescens 625-635 
LIDAR 430 
Dual-Excitation 432 
lifetime-resolved fluorescence 99 
lifetime distribution 567 
lifetime for energy transfer 
phycobilisomes to RC 454 
lifetime of fluorescence 
changes upon excess light 30 
intrinsic 10 
measured 10 
light-acclimative changes 
Chi a fluorescence 664 
light-emitting diodes 395 
light- induced changes 
Chi a fluorescence 664-669 
light 1 448,449 
light 1- state 448 
light 2 448,449 
light 2-state 448 
light absorption 398 
light adaptation 713-734 
chlorophyll/ carotenoid ratio 7 1 9 
chloroplasts 7 1 6-7 2 1 
chloroplast structure 7 1 6-7 2 1 
Chi (a+b)/(x+c) 719 
Chi a/b ratio 716-721 
leaves 716-721 
pigment composition 7 1 6-72 1 
pigment ratios 719 
thy lakoid frequency 7 1 6-7 2 1 
light detection and ranging. See LIDAR 401 
LED array 398 
light harvesting 
mobile component of 449 
light harve sting antennas 108,715 
light harvesting Chi proteins (LHCPs) 719 
light harvesting complex I (LHC I) 56, 1 17, 118, 236, 239, 469 
energy transfer 117 
red chlorophylls 113 

light harvesting complex II (LHC II) 56, 120-122, 125-127, 
449, 450, 469, 559, 569, 643, 645, 681, 686, 719, 720 
antenna 680,716 
assembly 683, 686-689, 691 
Chi a/6-proteins of 7 14 
conformational changes in 716 
distribution 450 

excitation energy distribution 450 



excitonic structure 125 
kinase 449, 450, 45 1 
migration to stroma 455 
minor 469 
phosphatase 451 
phosphorylation 338, 450 
protease 559 
reconstitution 699 
structure 703 
trimers 51 

light harvesting complex proteins 531 
light harvesting complex superfamily 179 
light harvesting complexes 
interactions with reaction centers 455 
light pulses 392 
light response curves 296, 307 
light saturation 717 
light stress 

adjustments 556, 597, 598 
detection in plants 742, 744 
light sources 392, 394, 395 
light state transition 511, 647 
light stress 498-519, 528-547, 742-755 
Limnanthes alba 608 
lincomycin 480, 484 
line-narrowing 120 
linear (-1) decay laws 373 
linker polypeptides 183 
lipids 609-621 
peroxidation 609-621 
lipid peroxidation 542, 609 
liquid crystalline state 673 
Loch Ness 788 
Lolium perenne 650 
long-range fluorosensing 440 
long wavelength fluorescence 236 
look up table (LUT) 413 
lotic 782 

lo tic waters 781-793 
low-light chloroplasts 716 
low-light plants 716,718 
low electron trapping efficiency 161 
low salt conditions 337 
low stacking degree 717 
low temperature 
fluorescence transients 337 
low temperature stress 744, 745 
L relation 374 
luciferase 536 
lumen acidification 482 
feedback regulation 55 
lumen pH 255,256,471,473,474 
sensitivity 256-278 
luminescence 303 
LUT. See look up table (LUT) 
lutein 47, 473, 535, 574, 714 
lutein epoxide cycle 473 
lycopene E-cyclase 535 
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M 

M-peak 624, 629 
macroalgae 774 
macrophytes 773 
maize 74, 75, 76, 77 
major antenna 54 
malate valve 530 
Malva neglecta 589, 596 
mangrove 77 

Mantoniella squamata 188, 473, 574 
Marcus electron transfer theory 241, 242, 367 
marine ecosystem 758 
marine environment 768 
Mastigocladus laminosus 183 
maximal chlorophyll fluorescence yield 301 
maximal fluorescence 145, 151, 164 
maximal quantum yield 296 

maximal relative electron transport rate, ETR rnax 297 
maximum chlorophyll fluorescence, F m 639, 728 
maximum efficiency 
PS II 68,73,74 

maximum fluorescence, Fm 721 
maximum fluorescence Fp 731 
maximum yield of primary photochemistry 335 
measuring pulses 424 
Mediterranian pines 614 

Mehler-Ascorbate-Peroxidase cycle 289, 291, 310 
Mehler-peroxidase reaction 269 
Mehler reaction 76,78, 269,530 
membrane model 253 
membrane potential 377 
membrane proteins 
functional alignment 451 
menaquinone 206, 242 
mercury 649 
mesophyll cells 4 1 9^12 1 
methylviologen 74, 478 

Mg-2, 4-divinyl pheoporphyrin a5 monomethyl ester 176 
Mg-divinyl protochlorophyll ide 176 

Mg-DVP. See Mg-2, 4-divinyl pheoporphyrin a5 monomethyl 
ester 

MGDG/DGDG 648 
microarray analysis 546 
microchannel 396, 399 
microchannel plate (MCP) 560, 562 
MICROFIBER-PAM 308 
microfiber techniques 293 
microimaging 396 

microquantum-temperature sensors 296 
microscope 
confocal laser 234 
microscopic images 395 
microscopy 

confocal fluorescence 457 
cryoelectron 474 
freeze-fracture electron 455 
immunoelectron 689 
MICROSCOPY-PAM 308 
mid-day depression 297 



midpoint oxidation-reduction potential (EJ 244 

minimum chlorophyll fluorescence, F 0 145,639 

minor antenna 54 

minor CP proteins 575 

misses 209 

mixed forests 752 

MnCl 2 651 

mobile antenna 511 

mobile component of light harvesting 449 
mobile LHC II 511 
MODIS 761 

modulated fluore scence 788 
modulation fluorometer 67, 466 
molecular recognition 451 
monoepoxide antheraxanthm 54 
monomeric chlorophyll a 
redox potential 695 
monomeric minor LHC IIs 682 
Monstera deliciosa 589, 591, 592, 598 
moored instrument 773 
mosses 626 

multi-color fluorescence imaging 395, 396, 402 
multi- turnover 143 
excitations 147 
light 145, 156 
light pulse 158 

multifrequency cross-correlation phase and modulation 
fluorometer 562 

multifrequency phase and modulation fluorometer (MPF) 568 
multimer model 119 
D1D2 119 

multiple quenchers 220 
multiple turnovers 501, 509 
mutagenesis 532 
insertional 532 
site-directed 697 
studies 456 

mutants 397, 403, 41, 528, 529, 534,543-545 
state transition 457 
mutant screening 396 
myxoxanthophy 11 176 

N 

N, N'-dicyclohexylcarbodiimide (DCCD) 474 
Na + expulsion 
Synechococcus 670 
NaCl uptake 
Synechococcus 670 
NAD(P)H dehydrogenase (NDH) 265 
NAD + 246 

NADH dehydrogenase 538 
NADP + 246 

NADP-malic enzyme [NADP-ME] 266, 268 

NADPH-dehydrogenase activity 305 

nanosecond-fluorescence increase 144 

naphthoquinones 302 

natural fluorescence 440 

Nd: YAG lasers 43 1 

NDH 268 
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NDH [(NAD (P)H-dehydrogenase 268 

NDVI 438, 748 

neoxanthin 47, 120,714 

Nerium oleander 594, 614, 628 

NH 2 OH 651 

nickel 651 

Nicotiana tabacum 472, 478 
mgericin 480 
NIH-Image program 458 
NIR region 748 
nitrate assimilation 78 
nitrate limitation 
photochemistry 
quantum yield 769 

non-appressed thylakoid membranes 652 
non-cyclic electron transport 
quantum efficiency 71 
non-imaging fluorometry 397 
non-linearity 413 
non-linear regression analysis 213 
non-oxy genic photo trophs 45 
non-photochemical deactivation 467 
non-photochemical quenching (NPQ) 28, 54, 55, 66-71, 74, 
76, 136, 254, 255, 287, 288, 291, 351, 394, 397, 398, 
401, 403, 412, 417, 423, 437, 465^168, 527, 529, 534, 
539, 584-591, 593, 594, 597, 599, 610-621, 625, 629, 
630, 640, 740, 762, 763 
basic equations 29, 30 
Chi a fluorescence 28, 667 
early views 28, 29 
history 29, 30 

mechanism 470^176, 541-543 
Stem Volmer relationship 763 
xanthophyll cycle 
history 28-30 

zeaxanthin-independent 304, 305 
non-photochemical quenching parameter 287, 310, 465 
non-Q A -reducing reaction centers 347 
non-Q B -reducing RCs 350 
non-radiative decay 66 
rate constant 66 

non-radiative energy dissipation 300 
non-radiative energy transfer 84 
non-radiative loss processes 303 
non-radiative radical pair recombination 293, 306 
PS II 293-294 

non-radiative recombination 141, 148, 149, 155 

nonfunctional reaction centers 765 

normal mode analysis 181 

north leaves 720 

Nostoc sp. 233-235,237 

NPP 748, 749 

NPQ,. See non-photochemical quenching (NPQ); See also 

F„/F m - 1 

npq5 516-517 

ns-fluorescence 150, 153, 156, 163 
numerical simulations 
polyphasic fluorescence rise O-J-I-P 352 
nutrient stress 745, 745 



o 

O-J-D-I-P rise 135 

O-J-I-P chlorophyll a transient 22 

O-J-I-P fluorescence curve 150 

O-J-I-P fluorescence rise 324 

O-J-I-rise 151 

O-J-I phase 152, 162 

O-J-I rise 151,162 

O-K-J-I-P transient 352 

O-P-S transient 323 

O-J-I-P phase 151 

O-J phase 150 

o 2 

evolution 639 

correlation with fluorescence 22-23 
photoreduction of 286 

0 2 -dependent electron flow 286, 289, 308, 310 
ocean 758 

OEC See oxygen evolving complex (OEC) 

Ohm’s Law 264 
oilseed rape 614 
OJIP 23, 24 
OJIP transient 
interpretation 23, 24 
Olea europea 615 
overlap integral 110 
operating efficiency 
PS I 71 

PS II 71,73,75-77 

quantum yield of C0 2 assimilation 75, 77 
operating quantum efficiency 
of PS II photochemistry 69 
optically forbidden 188 
optimal quantum yield 294, 295 
Optimas 5.0 458 
organic 14 C 787 
orientation factor 109 
origin 

oxypho to trophic organisms 44 -46 
origin of fluorescence bands 17, 18 
Oryza saliva 480 
oscillations 403 
oscillaxanthin 176 
osmiophilic plastoglobuli 720 
osmolality 
cytoplasmic 669 

osmoregulated excitation transfer valve 664 
osmotically-induced changes 
cell volume changes 674 
Chi a fluorescence 664-669 
osmotic regulation 292 
over-excitation 743 

overall grouping probability 328, 330, 336-338, 344, 349 
overreduction of intersystem electron carriers 54 
oxidation kinetics 
P700 353 

oxidation reduction midpoint potential (E^ 246 
oxidative chemiluminescence 380 
oxygen 199,213,214 See also 0 2 
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binary oscillations 213, 214 
oxygen evolving complex (OEC) 204, 256, 645, 649 
23 kDa protein 649 
33 kDa extrinsic protein of 649 
inactivation of 352 
PS II operating efficiency 7 1 
oxygenation of the atmosphere 45 
oxygen absorption bands 431, 437 
oxygen electrode 787 
oxygen evolution 210 
oxygen reduction 630 
oxygen yield 448,449 
oxyphototrophic organisms 
origin and evolution 44-46 
oxyphototrophic eukaryotes 45 
oxyphototrophic prokaryotes 45,46 
ozone depletion 606, 607 

P 

F 156 

F reduction 142, 144, 156, 166-167 
P-S state-transition 351 
P680 117, 118,201,246 
P680 + 217 

quencher of fluorescence 25 
P700 71, 116,201,238,241,242,246,647 
delayed fluorescence 243 
P700* 233,244 
electron transfer from 239 
P700 + 239, 243 
P700 + A 0 - 243, 246 
P700 oxidation kinetics 353 
P740 237, 244 
E m 244 
P740* 244 
P800 240 
P840 246 
P870 201 

PAM. See pulse amplitude modulation (PAM) 

PAM fluorometer 283, 723 
determination of R Fd values 724 
use in UV effect research 61 1-621 
PAR. See photo synthetically active radiation (PAR) 
paraquat 74 
Parthenocissus 728 
passive fluorosensing 440 
passive remote sensing 438 
past books and reviews 11,12 
patch clamp 135, 165 
Pb 2+ 644 
PBP 57 
PBS 54 

PBS-PS II supercomplex 5 14 

pea plants 437, 450 

pea thylakoids 450 

pelagic algae 421 

Peltigera rufescens 625 

Peperomia 153, 165 

Peperomia metallica 136, 148, 150 



performance index 347 
period four oscillation 380 
in fluorescence 352 
periodicity of four 215, 216 
period four oscillations 216, 376 
period of oscillations 211 
peripheral antenna 175 
peripheral light harvesting complexes 
PS I 56 
PS II 51 
permeability 
cyanobacterial cells 670 
peroxidation 
lipids 609-621 
PGR5 268 

Phacelia campanularia 608 
Phaeodactylum tricomutum 613 
phase-angle shift 563 
Phaseolus vulgaris 648, 733 
phase angle shift 560, 568 
phase separation state 673 
Phe~-quenching 156 
phenolic compounds 432, 615 
phenomenological energy fluxes 344, 346 
Pheo-quenching 304, 305 
pheophytin 204, 333, 353, 477, 639 
Phlomis fruticosa 614 
phospho-LHC II 449,511 
phosphoenol pyruvate carboxylase 651 
phosphorylation 450, 451, 559, 575, 577 
LHCIIb 468 
LHC II 338 
redox-controlled 449 
phosphory lation of LHC II 450 
photo-electric events 153,163 
photo-electric stimulation 165 
photo-electric trans- thy lakoid potential 166 
photo-electrical stimulation 147 
photo-oxidative stress 483 
photoacoustic technique 469 
photobleaching 
acceptor 98 
donor 97 

photochemical effect 166 
photochemical efficiency 138, 157 
iron addition 771 
Photosystem II 585 

photochemical energy storage 140, 145 
photochemical events 335 
photochemical fluorescence quenching 295, 296 
photochemical quenching 66-70, 143, 149, 152, 153, 156, 

160-166, 287, 288, 334, 351, 466, 610-621, 640, 763 
photochemical trapping 137, 139, 148 
photochemical yield 137, 156, 772 
photochemistry 
quantum yield 
nitrate limitation 769 
photocurrent 135, 136, 148, 150, 152 
measurements 149 
photodamage 499, 743 
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photoelectrochemical control 134, 136, 149 
photoelectrochemical effect 149 
photoelectrochemical fluorescence response 162 
photoelectrochemical I-P phase 159 
photoelectrochemical stimulation 152, 153 
photoinactivation 
Photosystem II 482, 484 

photoinhibition 70, 253, 254, 289, 304, 309, 374-435, 465, 

510, 575, 592-594, 597, 613-621, 628, 630, 631, 643, 
681,741 

Photosystem II 469, 482 
recovery from 480 

photoinhibitory quenching 467, 476^80, 586 
photon-pile up 561 
Photonic Science ISIS 458 
photon counter 48 1 
photon counting 
two-dimensional 561 
photon yield 595 
photooxidation 720 
photooxidative damage 
thermoluminescence 380 
photopotential 136, 149, 162 
photoprotection 253-255, 510, 585, 741-755 
dimmer switch 3 1 

photoreceptor 527, 528, 537, 538, 539 
photoreduction of 0 2 286 
photore spiration 75,76,78,530 
photorespiratory activity 630 
photore spiratory cycle 746 
photosynthesis 591 
downregulation 593 
driving force 348 
ecological conditions 614,615 
electron transfer steps 14 
energy fluxes 325 
quencher 
discovery 16, 17 
Z- scheme 12,13 

photosynthetically active radiation (PAR) 399, 782 
absorbed 296-297 
absorptivity coefficient 3 10 
photo synthetic activity 
imaging 309-312 
photo synthetic apparatus 
light adaptation 714-734 
photosynthetic carbon reduction (PCR) cycle 639 
photo synthetic charge separation 134, 136, 148 
photosynthetic control 482, 558 
photosynthetic electron transport 651, 772 
estimates 772 

photosynthetic excitons 109-132 
photosynthetic fluorescence 
pigments 44-58 

photo synthetic performance 595-597 
photosynthetic pigments 
function 714-716 
function of 715 
photo synthetic unit 18-22 
co-operativity 452 
structure 682 



Photosystem I 55-57,232-247,681 
antenna 178 

chlorophyll depletion 24 1-244 
core complex 55 
pigment organization 112 
red chlorophylls 113 
cyclic electron flow 265 
energy transfer 113, 117 
energy transfer kinetics 238 
ether-extracted 241 

fluorescence 15,16, 70, 76, 78, 187, 188, 232-238, 292, 

4 19— 421 , 591 

fluorescence decay lifetime 454 
operating efficiency 7 1 
particles 240 

peripheral light harvesting complexes 56 
photochemistry 
quantum efficiency 71 
reaction centers 178, 232, 241-244 
specific light 448 
structure 233 

variable fluorescence 338 
Photosystem II 50-55, 199-225,649 
acceptor pool size 285 
acceptor side 
electron transport 25 
antenna 179, 647 
chlorophyll fluorescence 24-28 
centers 
closed 454 
open 454 

charge recombination 303 
complexes 
connectivity 412 
connectivity between units 28 
core complex 5 1 
CP47 569 

cyclic electron flow 295, 296 

effective absorption cross-section 301, 302 

effective quantum yield 288 

efficiency 586, 587, 588, 589, 591, 592, 593, 594, 596-599 
maximum 73 
efficiency factor 7 1-74 
electron transport 24, 25, 204-208, 596 
estimating efficiency 
maximum 68 
photochemical 69 
two- state trapping model 137 
energy transfer 117 
fluorescence 15,16,232,234 
fluorescence decay 454 
fluorescence yield 294, 295 
functional heterogeneity of 292, 293 
herbicide 422 
heterogeneity 292, 293, 639 
inactive centers 484 
maximum efficiency 73, 74 
models 505-507 

nonradiative radical pair recombination 293, 294 
operating efficiency 69, 71-73, 75-77 
peripheral light harvesting complexes 5 1 
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photochemical efficiency 585 
photochemistry 
down-regulation 625 
maximum efficiency 68 
operating quantum efficiency 69 
quantum efficiency 67 
rate constant 7 1 
photoinactivation 482, 484 
photoinhibition 469, 482 
pigment organization 118 
probe of donor side 351 
quantum yield 294, 295, 648 
reactions 24-28 
effects of UV 612-621 
reaction centers 179, 682 
reversible radical pair model 303, 304 
role of bicarbonate 26, 27 
structure 202, 682 
Photosystem II super-complex 682 
Photosystem II units 
co-operativity 452 
photo destruction 253 
phycobilins (PB) 46, 50, 180, 448 
phycobiliproteins (PBP) 46, 57, 178, 180-183 
crystal structure 180 
phycobilisome 57, 183, 511, 512, 513 
diffusion coefficient 455 
phycobilisome-containing organisms 
excitation energy distribution 450 
phycobiliviolin 180 

phycocyanin (PC) 48, 57, 180, 182, 234 
phycocyanin absorption spectra 3 
phycocyanobilin (PCB) 47, 50 
phycoerythcobilin 47 
phycoerythrin (PE) 57, 180, 234, 451 
phycoerythrin absorption spectra 3 
phycoerythrobilin(PEB) 50, 180 
phycoerythrocyanin (PEC) 57, 180 
phy courobilin (PUB) 50,180 
phycoviolobilin (PVB) 50,180 
phylloquinone 232, 233, 238, 241, 243, 246 
reconstitution 243 
PHYTO-PAM Chi fluorometer 307 
phytoluminography 379 

phytoplankton 308, 307, 758, 782, 787, 789, 790 
primary productivity 306 
Picea abies 727 
picosecond excitation 141 
picosecond fluorescence kinetics 452 
picosecond time-resolved fluorescence measurements 452 
pigments 44-58 
fluorescence 44-58 
function 714-716 
holochromes 50 
pigment organization 
CP43 119,120 
CP47 119, 120 
D1D2 119 
LHC I 113,120 
Photosystem I core 112 



Photosystem II 117, 118 
Photosystem II core 119,120 
PS 1-200 113 
supercomplexes 120 
pigment packaging 764 
pigment ratio 714, 719 
Chl/carotenoids 714 
Chi (a+b)/(x+c) 720, 724 
Chi (a+b)/(cx+c) 714 
Chi a/b 714 

Pisum sativum 56, 128, 745 
pixel-by-pixel 393, 394 
pixels 394,396,401 
planktophytes 786 
plant-generated stress signals 311 
plant productivity 442, 747-750, 787-790 
plastid transformation 538 
plastocyanin 651 
plastoglobuli, 717 
osmiophilic 720 

plastoquinone (PQ) 23, 69-71, 76, 157, 199, 206, 449, 451, 
466, 558, 577, 639 
reactions 25,26 
quenching 23, 151, 299-30 1 
redox state 456 
redox control 450 
reduction state 305 

plastoquinone pool 23, 69, 179, 204, 356, 451, 466, 558, 640, 
766 
size 23 

plastoquinone reductase (PR) 267 
plasto semiquinone 
binary oscillations 213, 214 
Platanus hybrida 725-728 
Pleustophytes 786 
pmf 257, 258, 264, 269 
variable partitioning 259 
P N -rates 719,723 
Podestemaceae 786 
poikilohydric plants 624 
polarization of fluorescence 10 
polarized emission 698 
polarized fluorescence 116 
polyphasic fluorescence rise 298 
polyphasic fluorescence rise O-J-I-P 
Chi a 340 

numerical simulations 352 
polyphasic fluorescence transients 
in vivo 339 

polyphosphate granules 695 
Porphyra perforata 625 
Porphyra sanjuanensis 625 
Porphyridium cruentum 21, 183, 448 
excitation energy transfer 21 
porphyrin 47 
portable fluorometers 28 1 
position of red fluorescence band F690 729 
PQ. See plastoquinone (PQ) 

PQH 2 451 

pre-exponential factors 365 
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precision farming 396 
predawn leaf water potential 746 
PRI 439, 442, 749 
primary electron acceptor 238 
primary endo symbiosis 45 
primary photochemistry 
average quantum yield 349 
maximum quantum yield of 346 
maximum yield of 335 
quantum yield 334 
primary production 758,771 
primary radical pair 477 
Pheo-/P680 + 
recombination 303, 304 
probability of energy transfer 326, 329 
probe of Photosystem II donor side 351 
Pro chloroco ecus 176 
Pro chloroco ecus marinum 190 
Prochloron 176 
Prochlorothrix 176 
Prochlorothrix hollandica 190 
progressive scan CCD 413, 422 
prolamellar body 686 
prompt emission 375 
prompt fluorescence 244, 364 
protease 693, 694 
protein complexes 
reorganization 450 
protein diffusion 
cyanobacteria 455 
protein kinase 450 
protein phosphatase inhibitor 450 
protein phosphorylation 450 
proteome 546 

prothylakoid membranes 687 
proto-chloroplasts 685, 686 
proto-photo system 45 
proton reabsorption 102 
proton conductivity (g H + ) 263 
proton flux (vH + ) 264 
proton motive force (pmf) 253 
proton pumping 
Q-cycle 261 
proton uptake 207 
Prunus laurocerasus 726 
ps-excitation 150, 153, 163 
PsaA 232, 240 
PsaA/PsaB 56 
heterodimer 56 
PsaB 232 
PsaC 232 
PsaD 232 
PsaE 232 

PsbS 55, 515, 516, 518, 535, 558, 568, 683, 688 
psbS 516,517 

PsbS protein 53, 54, 471, 474, 557, 574 

psbZ 458 

PscA 240 

PshA 240 

PS 1-200 



energy transfer 117 
pigment organization 113 
PS II-LHC II supercomplexes 120 
PS I/PS II 179 

PS II-LHC II supercomplex 122 
PSIIrPsbS 574 
PS II a 508 
PS II (3 508 

pulse-amplitude modulated fluorescence 465 

pulse-modulated measuring light 283 

pulse-probe 164 

pulsed fluorometers 560 

pulsed laser diodes 503 

pulses 393,397-398 

pulse amplitude modulated method 287, 288, 767 
pulse amplitude modulation (PAM) 282-284, 391, 403, 
411-428, 501 
fluorometry 287, 509 
imaging 416 
method 415 

special applications 306-312 
pump and probe fluorescence 788-793 
pump and probe fluorometer 769 

pump and probe method 214, 300, 301, 305, 306, 766, 758 
pump energy 767 
pump probe 501 
purple bacteria 203 

Q 

Q band 

in thermoluminescence 380 
Q-cycle 76,260,261,262 
mechanism 261 
proton pumping 261 
Qi/Q 2 quenchers 302 
Q a 66, 69, 72, 73, 76, 247, 333, 646, 648 
discovery 17 
mediated quenching 640 
reduction 140, 142, 167 
Qa- 25,26 
Q a _ reoxidation 628 
kinetic components 372 
Q a to PQ reactions 25, 26 
Q b 204, 500 
quenching 302, 304, 305 
reduction 142 
Q b reduction 142, 167 

q* 259, 529, 530, 532, 534, 539, 540, 541, 542, 543, 544, 545, 
586. See also energy-dependent quenching 
qj 586. See also photoinhibitory’ quenching 
site 260 

q* 586,641,648 
Q 0 site 260 
catalysis 261-262 
qp 651 

q Q 641,645,648 

qT 586. See also state 1 -state 2 transition-related quenching 
quantum efficiency 
of C0 2 assimilation 77 
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of non- cyclic electron transport 7 1 
of PS I photochemistry 7 1 
of PS II photochemistry 67 
quantum yield 91, 641, 648, 680 
C0 2 assimilation 67, 75, 76 
electron transport 334 
energy transfer 91 
maximal Chi a fluorescence 9, 10 
primary photochemistry 334 
photochemistry 769 
nitrate limitation 769 
primary photochemistry 
maximum 346 
PS II 294, 295, 648 
quaternary oscillation 210 
quencher 217 

Chi a fluorescence 219, 220 
photosynthesis 
discovery 16, 17 
quenching 136 
analysis 288 
ApH 509,514,515 
ApH-dependent 467 
by plastoquinone 23, 151 
coefficients 70, 287, 465^168, 611 
components 465 
energy-dependent 287, 467, 586 
energy-dependent fluorescence 470 
non-photochemical 351, 585 
of fluorescence 333 
P680 + 25 

photochemical 295, 296, 351, 640 
photoinhibitory 467, 476, 586 
plastoquinone 299, 300 
Q A -mediated 640 

recombination fluorescence 305, 306 
S- state dependent 299, 300 
state-transition 468 
state 1- state 2 transition-related 586 
Stern- Volmer 468, 586, 588, 590 
zeaxanthin dependent nonphotochemical 304, 305 
Quercus hemispherica 749 
Quercus ilex 615 
Quercus michauxii 745 
Quercus rubra 750 
Quercus virginiana 744, 745 
quinol oxidation 26 1 , 262 
quinones 510 
quinone analogs 24 1 

R 

Ro 89 

radiance spectrum 437 
radical pair 246, 505 
equilibrium model 468 

recombination 137, 138, 143, 144, 148, 150, 160, 162, 163, 
166, 167 

radio-carbon method 787 
random mutant 



library 457,458 
random walk 505 
Ranunculus glacialis 481 
Raphanus sativus 718,719 
rapid fluorescence induction 284 
rapid light curves 297, 307 
rate constants 365 
deexcitation of excited states 9-11 
distribution of 504 
energy dissipation 586 
PS II photochemistry 7 1 
ratio Chl(a+b)/(x+c) 724 
ratio F690/F740 

indicator of Chi content 729, 730 
ratio F v /F m 722 

ratio of the Chi fluorescence bands F690/F740 728 
ratio of xanthophylls to carotenes (x/c) 720 
RC See reaction center 
re-organization energy 241, 242 
reabsorption 400 
proton 102 

red Chi fluorescence band 727 
reactions 

Photosystem II 24-28 
reaction center (RC) 
bacterial 203 
density of 344 
homodimeric type-I 242 

interactions with light-harvesting complexes 455 
non-Q A -reducing 347 
non-Q B -reducing 350 
nonfunctional 765 
Photosystem I 23 8 , 24 1 -244 
proteins 692 
silent 327, 328 
type I 45, 240 
homodimeric 242 
Type II 45 

X-ray structure 21,22 
reactive oxygen species 74, 76, 526 
recombination 

primary radical pair Pheo~/P680 + 303, 304 
radical pair 137 

recombination fluorescence 302, 304, 306 
quenching 305, 306 
recombination of P680 + QA“ 302 
reconstitution 700, 701 
LHC II 699 

recovery from photoinhibition 480 
redistribution of absorbed excitation energy 448 
redox-controlled phosphorylation 449 
redox potential 366 
monomeric Chi a 6 95 
redox state 

cytochrome ^g/complex 457 
plastoquinone 456 
reduced Chi-square 565,571 
red algae 509,519 
antenna systems 175 
excitation energy transfer 21 
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red chlorophyll 114,115 
LHC I 113 

Photosystem I core 113 
red chlorophyll a 56 
red chlorophyll fluorescence band 727 
red chlorophyll fluorescence maximum 
position 729 
red light 448 
red oak 751 
reflectance indices 748 
relationships 

fluorescence to photosynthesis 4-9 
photochemistry to Chi a fluorescence 9-11 
relative electron transport rate 296 
relative growth 738 

relative variable fluorescence 156, 157, 164, 332, 335, 337 
relative variable fluorescence yield 145 
relaxation kinetics 744 
remote sensing 435-442, 746, 749, 788 
reorganization 
protein complexes 450 
replacement of Chi a 247 
residual error 565 
distribution 565, 66, 572 
resonance Raman spectroscopy 472, 541 
measurements 472 
respiration 76 
resurrection plants 626 
retention motifs 697, 701, 702 
retrapping 367, 369, 370, 377 
reverse genetic approaches 536-538 
reversible radical pair (RRP) 412, 506 
model 303, 505 
PS II 293, 303, 304 
RF/FRF ratio 431 
Rfd 640, 641, 643, 646, 648 
R Fd values 722 

changes of water stress 732, 733 
correlation with P N rates 723, 724 
frequency distribution 732, 733 
images of 732, 733 
indicator of P N rates 722 
shade leaves 723, 724, 732, 733 
stress indicator 722 
sun leaves 723, 724, 732, 733 
‘vitality’ index 723, 724 
Rhizophytes 786 

Rhodobacter sphaeroides 203, 207, 242 
Rhodophyta 785 

ribulose bisphosphate carboxylase oxygenase See Rubisco 
rice 

chlorina mutants 692 
Rieske iron- sulfur protein 260 
pivoting 260-261 
RNA interference 536 
Rosmarinus officinalis 615 
rotational catalysis 258, 259 
RRP. See reversible radical pair (RRP) 

Rubisco 530, 614-621, 627, 631, 642, 647, 651 
activity 614-621 
carboxylase 650 



s 

S-state 138, 151, 157, 161, 163, 166,208,381 
dependent quenching 299, 300 
heterogeneity in 157 
fluorescence 352 
S r state 155, 167 

5 2 - state 167 

5 3 - state 352 
saturating pulses 424 
saturation pulse method 287, 288 
scaling 749 

scattering 394, 400, 401 
Scots pine 592 
screening 410,417, 424 
state changes 457, 458 
strategy 458 

SCUBA. See self contained underwater breathing apparatus 
(SCUBA) 

SDS- sucrose density gradient centrifugation 693 

seagrass 773, 774 

sea surface temperature 772 

second- or fourth-derivative spectrum 187 

secondary acceptor quinone 204 

secondary endosymbiosis 46 

secondary fluorescence decline 286 

segmentation 397 

self contained underwater breathing apparatus (SCUBA) 773 
semi-closed centers 139-141, 156, 160, 164, 166 
semi-open centers 139, 141, 142, 143, 148, 155, 156, 159, 
160, 163, 167 

semiqumone 204, 261, 263 
binary oscillations of 212, 213 
stabilization 205 
senescence 724, 725 
autumnal 724 
sensitized emission 88 
sensitized excitation of the acceptor 99 
separate units 333 
separate unit model 330, 337 
sequence homologies 457 
severe drought 751 
shade-type chloroplast 717 
C0 2 assimilation 
low rates 717 

shade leaves 716, 718, 719, 723, 726 
Chi a/b content 719 
P N rates 719 
shading 448 
shallow trap 303 

sigmoidal fluorescence induction curves 345 
sigmoidicity 147, 163,451 
factor J 145 
fluorescence 134 
F(t) curve 146 
signal transducers 457 
signal transduction pathway 456 
Silene dioica 482 

silent reaction centers 327, 328,347 
single-exponential rise 452 
single-hit 140, 141 




815 



single-turnover flash excitation 1 50 
singlet-singlet annihilation 126 
singlet- singlet energy transfer 476 
singlet oxygen 477, 559 
single flash excitation 143, 163 
single hit 1 63 
2- state trapping model 157 
model 166 
semi-closure 156 
trapping 160 
models 145 
single intact cells 
fluorescence 234 
single molecule spectroscopy 110 
single photon counting 237 
time-correlated 503 
single turnover 155, 501, 509 
single turnover excitation 150, 164, 165, 166 
single turnover flash 135, 136, 143, 150, 153, 157, 158, 163 
singular value decomposition (SVD 223 
site-directed mutagenesis 697 
of amino acid ligands 699 
slow component of fluorescence 215 
slow induction kinetics 286 
small pigment antenna 717 
Smilax australis 74 
snow gum 575, 744 
Solarium nigrum 167 
Solanum tuberosum 475 
solar induced fluore scence 7 60 , 7 6 1 
yields 761 
solar radiation 436 
source 394, 395, 399 
soybean 615 

spatial separation between PS II and PS I 453 
spatiotemporal changes 311 
fluorescence parameters 311 
special pair 
E m 246 

species associated difference spectra (SADS) 125 

species composition 752 

specific absorption flux 346 

specific electron transport flux 345 

specific energy fluxes 343 

specific leaf area 738, 739 

specific trapping flux 346 

spectral hole burning 110 

spectroscopy 

electrochromic shift 259, 260, 263 
Fourier transform infrared difference 208 
resonance Raman 472, 541 
single molecule 110 
ultrafast laser 189-195 
spectrum 

carotenoid absorption 3 
Chi fluorescence 745 
second- or fourth-derivative 187 
time-resolved fluorescence 184 
spillover 186,452,453,511,514 
model 452, 454 



Spilurina platensis 235 
spin-echo EPR 243 
spinach 215,233,239,480,703 
chloroplasts 469 
emission spectra 
77 K 17 

room temperature 17 
Spinacia oleracea 480 
spin traps 478 
Spirulina 238 
Spirulina platensis 246 
Stabilization of semiquinone 205 
state- transitions 585, 665 
state- transition quenching 468 
state 1 447, 448, 457 
adapted colonies 458 
image 458 
transition 448, 450 

state 1 -state 2 transitions 57, 72, 448, 648 
transition-related quenching 586 
state 2 447^149, 455, 457, 647 
adapted colonies 458 
image 458 
transition 448, 454 
state changes 448^151, 585 
mechanism 451-453 
screening 459 

time-resolved kinetics 453, 454 
state transitions 57, 77, 186, 448^160, 452, 454, 455^161, 
499, 509, 510-513, 529, 541, 547, 665 
mutants 457 
static structure 182 

steady-state fluorescence 718, 728, 640, 731, 746 
stead state fluorescence, F s 721 
Stephania japonica 74, 590 
Stem- Volmer equation 70,218-219 
generalized 219-220 

Stem- Volmer quenching 411,465,468,586,588, 590 
Stem- Volmer transformations 220-222 
Stem Volmer relationship 763 
stomata 402 

stomatal conductance 402 
stomatal density 652 

streak-camera- spectrograph 560, 566, 569 
streak camera 1 1 5 , 23 7 
streptomycin 484 
stress 

abiotic 390,391 

biotic 390, 391 

detection 741-755 

drought 351 

environmental 721 

factors 741-755 

heat 289,347,351,352 

light 498-519, 526-547, 742-755 

low temperature 744 

photo-oxidative 483 

summer 720 

water 434, 435, 437, 439, 443, 586, 587, 590, 623-632, 746 
winter 588-592, 594, 598-604 
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stress adaptation index (AP) 341, 726 

stress induced damage 289 

stroma lamellae 455 

strong interaction 188 

submersible fluorometer 307 

submersible PAM fluorometer (DIVING-PAM) 306 

subunit c 

stoichiometry 258, 259 
sugar beet leaves 731 
summer stress 720 
sun-type chloroplast 717 
C0 2 assimilation 
high rates 717 

sunflecks 589, 590, 597, 742-755, 743 
sunflower 588, 612 
sunscreens 615 

sun leaves 531, 716, 718, 719, 723, 726 
carotenoid content 719 
Chi content 719 
P N rates 719 
supercomplexes 
PS II-LHC II 120 
superoxide dismutase 269 
superoxide radicals 478 
synchro scan streak camera 114 
Synechococcus 238, 456, 457, 613, 649, 670, 673 
Na + expulsion 670 
NaCl uptake 670 

Synechococcus elongatus 55, 113-115, 178, 200, 200, 201, 
203, 239 

Synechococcus sp. PCC7942 455 
Synechocystis 481, 689, 700 
Synechocystis 6803 457, 458, 459 
Synechocystis aquatilis 650 
Synechocystis sp. PCC 6714 179 
Synechocystis sp. PCC 6803 381, 531, 613, 696 
Synurophyceae 785 

T 

T-DNA 458 

t¥z of F v . See half-rise time (tVi) of increase in F v 
Taraxacum officinale 613 
temperature 
sea surface 772 

temperature jump experiments 379 
tertiary endo symbiosis 46 
thawing 744 

theory of energy fluxes in biomembranes 325 
thermal deactivation 469, 475 
thermal energy dissipation 48 1—485, 556, 557, 589 
thermal phase 509 

thermodynamics of reaction kinetics 364-366 
thermoluminescence (TL) 364, 379, 484 
afterglow (Ag) band 377, 380 
B and Q bands 380 
characterization of mutants 381 
distributed kinetics 369,370 
emission spectrum 380 
general order kinetics 370 



heating rate 368 
hyperbolic kinetics 370 
kinetics 368 
lipid peroxidation 380 
origin 379 
photoinhibition 381 
photooxidative damage 380 
photosynthetic bacteria 380 
Randall- Wilkins model 368 
winter acclimation 381 
Thermosyneho coccus elongatus 232 
Thermosynecho coccus vulcanus 179 
thermotropic transitions 
cyanobacteria! cell membrane lipids 673 
Thinopyrum bessarabicum 651 
thioredoxin 530 

three-state trapping model (TSTM) 134-136, 153-163, 166 
thylakoids 450 
biogenesis 687 
carotenoids 714,715 
Chi 714,715 
frequency 716 
thylakoid membranes 
non-appressed 652 
topographical map 458 
thylakoid stacking 531 
time-correlated single photon counting 503 
time-domain fluorescence 565 
time-domain fluorometer 560 
time-resolved Chi fluorescence decay analysis 647 
time-resolved fluorescence measurements 453 
time-resolved fluorescence spectrum 184 
time dependent flurorescence spectra 21 
tocopherols 530 
topographical map 
native thylakoid membranes 458 
toxicity 

heavy metal 638-652 
tracer 780 

tracer methods 787-793 
Trachycarpus fortunei 643 
trade scantia 420 

trans-membrane electric potential 148, 149 

trans- thylakoid ApH 664, 649 

trans- thylakoid electric potential 143, 165 

trans- thylakoid proton gradient 464, 640 

transcriptome 546 

transfer- to- trap-limited 123, 124 

transfer of electronic excitation energy 46 

transition dipoles 96 

transit complex 687 

transmembrane electrical field 303, 304 

transmembrane a-helices 51, 56 

transpiration 652 

trap 367 

trap-limited 124, 505 
trapping of excitation 108-128, 111, 505 
CP43-CP47-D1D2 core 123 
diffusion- limited 112 
flux 342, 344 
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photochemical 137 

product 328 

PS I 112, 113, 114-118 

PS 1-200 107, 108, 110-118, 121-128, 132 

PS I core 

S. elongatus 113, 114 
PS II 118-122 
PS II membranes 127 
reaction centers 111 
spectrum 116 
time 111 

transfer- to- trap-limited 112 
trap-limited 112 
trimeric peripheral LHCs 682 
triose-phosphate/phosphate translocator 535 
tripartite 505 
tripartite model 339 
Butler 327, 333 
triplet chlorophyll 559 
delayed light emission 368, 379 
trivial energy transfer 102 
TSTM 140, 147, 155, 158, 159, 167 
double hit 161, 166 
Tsuga canadensis 751 
tunneling 366, 368 
distributed kinetics 371 
thermoluminescence 379 
turgor threshold 669 
turnover number 348,349 
two-dimensional photon counting 561 
two-electron gate 26, 204 
discovery of Q B 26 
two-light effect 
discovery 16 
two-photon excitation 
fluorescence 124 

two-state trapping 134, 136, 139, 153, 166 
type I RCs 45, 240 
type II RCs 45 

u 

ubiquinone 206, 241, 242 
ultrafast kinetic data 
for excitation energy transfer 698 
ultrafast laser spectroscopy 189-195 
up-conversion method 188 
uphill energy flow 184 
upregulation 
photosynthetic 594 
UV-absorbing compounds 615 
UV-A light 480 
UV-R 606-615,782 
UV-B radiation 167, 479, 606, 789 
general responses 607-621 
UV-C radiation 606 
UV-induced fluorescence 432 
UV cutoff quartz glass filters 612 
UV fluorescence to Chi fluorescence ratio 745 
UV light 745 



UV radiation 606-615 
effects on Chi fluorescence 610-621 
general responses 607, 608 
photoinhibition 613 
responses in photosynthesis 609-614 
targets 609 

V 

V-cycles 211-212 

Valinomycin (VMC) 150, 162, 163, 165 
variable chlorophyll fluorescence, F v 639 
intrinsic heterogeneity 302, 303 
variable energetic connectivity 330 
variable fluorescence, F v 284, 291, 332, 372-374, 465, 721 
intrinsic heterogeneity 298, 299 
Photosystem I 338 
variable partitioning 
pmf 259 
VDE 55 

vegetative cells 234, 236 
fluorescence 235 

vertical profiles of chlorophyll a 163 
very weak interaction 188 
vesicle 687, 689 
formation 684 
transport system 690 

vesicle-inducing protein in plastids (VIPP1) 689 
Vida faba 478 
video camera 458 
video imaging 
fluorescence 458 
Vigna unguiculata 357 

violaxanthin 47, 54, 120, 467, 514, 557, 574, 715, 742 
de-epoxidase (VDE) 54,257,278,467,471,534,557,626 
deepoxidation of 63 1 
violaxanthm/zeaxanthin cycle 716 
VIPP1. See vesicle-inducing protein in plastids (VIPP1) 
‘vitality’ index 722, 723 
R Fd - values 722 
vitamin E 530 
VMC 163 

w 

W-cycles 211 

Warren Butler’s formula 334 
water 199 
water content 720 
leaves 719 

water deficit 437, 623, 624-632 
chlorophyll fluorescence 629 
water oxidation 482 
water oxidation system 478 

water stress 434, 435, 437, 439, 443, 586, 587, 590, 623-632, 
746, 747 

fluorescence imaging 732, 733 
water to Y z reaction 25 
water-water cycle 269 
well capacity 425 
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well plate 424 
wheat 648 
Winkler titration 787 
winter acclimation 
thermoluminescence 381 
winter stress 588-594, 598-604 

x 

X-ray crystallography 233, 458 
X-ray structure 

cytochrome b 6 f complex 21, 22 
reaction center 21, 22 

x/c ratio 720. See also ratio of xanthophylls to carotenes (x/c) 
xanthophyll 50, 120, 121, 124, 472- 474, 514, 530, 557, 577, 
578,683,693,698,701 

xanthophyll cycle 50, 54, 74, 188, 254, 255, 257, 291, 470, 

480, 499, 514, 529, 534, 539, 542-545, 558, 560, 574, 
588, 592, 598, 715, 742, 744, 762 
activity 613-621 
UV effects on 613-621 
carotenoids 715 

dependent energy dissipation 742 
non-photochemical quenching 29, 30 
history 29, 30 
xanthophyll-PsbS 558 
xanthophyll to carotene (x/c) 
ratio of 720 

Xe-PAM lluorometer 301-302 



Yucca glauca 74 
Y z 352, 647 
oxidation 142 

Y z + reduction 144, 146, 147, 157, 163, 164, 167 
Y z + quenching 144, 147, 150 

z 

Z 572, 574, 575. See zeaxanthin 
Z+A 574, 575 

Z-scheme of photosynthesis 12, 13 
zeaxanthin (Zx) 47, 48, 54, 55, 74, 176, 178, 188, 286, 467, 
514, 534, 557, 574, 577, 586, 587, 588, 589, 591, 592, 
593, 594, 595, 596, 597, 598, 631, 715, 742-755 
accumulation 716 
de novo biosynthesis 716 
(3-carotene oxidation 
high- light induced 716 
dependent energy dissipation 586 
dependent nonphotochemical quenching 304, 305 
independent nonphotochemical quenching 304, 305 
cycle 587 

zeaxanthin epoxidase 534 
zinc 650 

Zn-pheophytin 688 



Y 

Y d 647 

yellow-orange light 448 

yellow birch 751 

yields of electron transport 346 
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